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The subject of this book is computer music, not com- 
puter music. Though it may seem fitting to make 
this distinction through the use of intonation, in- 
tonation in words or music helps convey informa- 
tion esthetically or emotionally—but not con- 
ceptually. "Cybernetic" music is a more ap- 
propriate characterization, but that term is not so 
commonly used that it can stand without further 
definition. 

Before explaining (in the next chapter) exactly 
how that word applies to our subject, I will surprise 
no one by saying that it does indeed have something 
to do with computers. It also has much to do with 
the human mind, but then so do musical composi- 
tion and computer programming. Others feel my 
subject belongs under the heading, “computer- 
aided composition," but this strikes me as mis- 
representing the leading role of the mind in the en- 
tire process. We are not going to play regurgitant 
games, feeding the computer random numbers to 
see what it comes up with. Nor will we connect 
eletrodes to our scalps and will the computer to 


make pretty sounds, as in certain biofeedback ex- 
periments labeled “cybernetic music”! 

We are going to impose the logic of music on 
computers so that computers can help us compose. 
We will also expose music to the logic of computing 
to free music from unreasonably outdated and in- 
hibiting lines of thought. Computers can help in 
composition by performing quite routine tasks such 
as keeping track of the time durations allotted to 
each measure and transposing a sequence of pitch- 
es through a given interval. But we'll see that they 
can even compose melodies and harmonize them 
just as we would ourselves—that is, just as we 
would if the methods we describe to the computer 
really reflect our own methods. The key to Cyber- 
netic Music is the description of method itself. 

Standard musical notation and terminology 
may be used to demonstrate method, but they can- 
not describe it. If we are to explain it to a computer, 
we must certainly be able to describe it to ourselves. 
Anyone who has ever listened to a composer try- 
ing to explain just what it is that he does will ap- 


preciate the difficulties of part of this task. Anyone 
who has ever tried to get a computer to follow his 
wishes—not his programmed statements—will ap- 
preciate the remaining difficulties. 

By approaching composition from such fun- 
damental levels, readers with some background in 
music but none in computing will be on equal 
footing here with those possessing some computer 
experience but no. musical training. Ideas from the 
two fields will intermingle freely and quite un- 
conventionally, so that aptitude and interest will be 
the only prerequisites for newcomers to both 
areas—although a first course in a computer 
language, such as BASIC, and a few piano or guitar 
lessons would be most helpful. Younger readers 
relatively free from traditional cultural views that 
segregate the arts and sciences will probably fare 
best. Of course, there is no way that a book can pro- 
vide hands-on computer experience or ears-on mu- 
sic experience. For those, I encourage actual use 
of the printed examples. But this brings us to an- 
other limitation: individual tastes in music. 

Not without trepidation, I will try to present 
most musical examples in ‘‘unoffensive’’ styles. 
"That is to say, to forestall that embarrassing ques- 
tion, “But can computers help write real music— 
you know, good music?" I will be most presump- 
tuous in forcing these adjectives to be interpreted 
in a culturally averaged sense, thereby hoping to 
reach an acceptable middle region of the stylistic 
spectrum. Аз with all averages, this one may have 
little relation to any individual taste, my own in- 
cluded. Perhaps a bit facetiously, I find myself call- 
ing this musical style “the MT idiom,” intending 
reference to Musical Theater rather than to the 
homologous-sounding word some would say 
measures the intellectual content of such music. 

Of course, there are those who will play the 
results shown in the examples, disregard my “alibi” 
concerning cultural averages, and then take notice- 
able delight in repeating that question. To answer 
them, it would be necessary to program the meth- 
ods of their favorite composers. Oddly enough, that 
would be a simpler task than the one that will con- 
cern us here. The existing works of a composer no 
longer living comprise a finite and well-defined tar- 
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get for analysis. To extend such a repertoire 
pseudo-cybernetically for the environment of those 
desiring to live in the past may be lucrative, but it 
borders on the macabre. Just why such analysis is 
easier than the task that lies ahead will be made 
clear shortly with the extended definition of what 
I mean by cybernetic music.” 

Academically, musical composition has never 
been considered a subject that can be absorbed 
without prerequisite training in the elements of mu- 
sic. Computer programming, while a far younger 
subject, has been thought of in the same restrictive 
way, except that the prerequisites lay in the 
mathematical area. Like bumblebees unaware of 
academic pronouncements that they can't fly, many 
of the “uninitiated” continually undermine the com- 
placency of academicians by soaring to new heights 
in both fields. I would like to think that it is with 
such spirits in mind and not with foolhardiness that 
Iattempt here to present fundamentals in both sub- 
jects at once. More realistically, I consider this a 
book on musical composition in which a new tool 
with revolutionary impact on the topic must be 
covered. In fact, it is because of this tool that the 
ideas contained here can now be expressed in a way 
that is not purely academic. 

We will take up a fairly detailed overview of 
a specific computer programming language, APL. 
That material will then serve as ostinato (i.e., it will 
persistently reappear as a background) in all that 
follows. The traditional musical components— 
rhythm, melody, and harmony—and their combina- 
tions will then be subjected to a most untraditional 
examination. 

Such contrapuntal mixing of tradition and unor- 
thodoxy introduces overtones that will not 
reverberate satisfactorily for all readers at all times. 
New approaches are required to take advantage of 
powerful new tools, whether or not they can pro- 
duce acceptable substitutes for traditional products. 
It is well known that computers can produce new 
products which, in the case of music, are not 
substitutes and, for many listeners, are not even ac- 
ceptable. As new hardware appears, making 
musical experimentation increasingly available to 
one and all but adding little to the supply of musical 


perspective, traditional styles of music will form a 
vital link between the new methods and most ex- 
perimenters' past listening experiences. Unusual 
methods will spontaneously suggest new lines of 
musical thought, and it would be as shameful to 
shelter the innocent from such ideas as it would be 
to cause the sophisticated to think that the new 
methods are merely newfangled ways of doing the 
same old thing. So at times I will stray ever so 
slightly from the MT path, hoping to suggest fruit- 
ful directions for experimentation but not to en- 
courage making musical mayhem. 

In composing, the mind frequently distracts 
itself with worrisome questions about the correct 
use of method and even the philosophical base for 
a given method. This is particularly true with new 
composers and with experienced ones writing in 
new ways. It is customary in teaching music to pre- 
sent the rules not as axioms but as dogma. 
Presumably the student will then not be bothered 


by deep soul searching, but only by questions of 
validity, i.e., “right” or wrong. This is not a tradi- 
tion I wish to follow. 

There is much that could be said about the Ar- 
tistic Method and the philosophy behind it. A 
discussion of the evolutionary principles that deter- 
mine which of our behavioral traits are species- 
specific, which are individual though still 
hereditary, and which are learned can also shed in- 
teresting light on our emotional responses to good 
and bad, right and wrong. But my editor has wisely 
pointed out that such discussions would be 
misplaced in a book of this sort. So I will just say 
here that each of my methods should only be con- 
sidered “а method" and not “The Method.” The 
subjective reasoning behind my approach will not 
always be given here. Only in those instances where 
an objective technique cries out for some explana- 
tion of the underlying rationale will I venture into 
the shallows of those murky waters. 


According to my Webster's Third New International 
Dictionary, the word cybernetics derives from the 
Greek kybernetes, meaning steersman“ or “gov- 
ernor." It then goes on to say that cybernetics is a 
study in which the automatic control system made 
up of the human brain and nerve complex is com- 
pared with control systems designed around (in- 
organic) electromechanical devices. No mention is 
made of any of the possible motives one might have 
for conducting such a study, and, even if reasons 
were given, the chance of finding musical composi- 
tion listed seems somewhat remote. 

Well, suppose we decided to undertake such a 
study, comparing a composer with a computer for 
purposes somehow related to musical composition. 
The more vaguely we state our purpose, the fur- 
ther our investigation might range. That is, both 
systems have physical and chemical structure, both 
transmit electrical signals through a complex maze 
of circuitry, and both process information 
presumably related to the subject we have in mind. 
Merely mentioning musical composition in connec- 


tion with our purpose, however, should be sufficient 
to steer our thoughts (cybernetics?) in the direction 
of information and its processing. 

If we could describe in enough detail the way 
a composer manipulates information to produce a 
score, we could certainly reprogram the process for 
a computer. Before anyone improperly paraphrases 
what I just said, please note that, despite my use 
of the indefinite article, we’re considering the com- 
poser’s own information being manipulated by his 
or her own methods. How “we” could come into 
possession of enough detail" to write such a pro- 
gram is not suggested. The fact that any living com- 
poser is also a learning composer, and thus a 
composer whose information and methods are con- 
stantly changing, makes it unlikely that anyone but 
that composer himself could carry out such a study 
while he lives. We are talking about his governship, 
his steering in treating all that information; he is 
the keybernetes. 

À primary goal of all composers is to write in 
an original way, no matter how hackneyed the 


idiom. No one interested in composing would care 
to program a computer to write like “а” composer. 
On hearing my claim about the possibility of writing 
a program that could compose a score, the com- 
poser would immediately ask, Do you mean that 
if I could describe in detail how Í would like to 
manipulate certain musical elements, I could get 
a computer to do it for me?" That is indeed what 
I said, but in a less personal way. And there are 
a number of other implied corollaries which go a 
long way toward answering the next question, “But 
why would 1 even want to?" 

No matter what your levelof musical sophistica- 
tion, you can write a program to mimic the way you 
intend to treat given material. Effectively then, you 
can ask the computer what your music would be like 
if you did such and such. There has never been so 
powerful an instructor or decision-making tool for 
helping you determine which methods have prom- 
ise and which do not. As you gain confidence in 
your style, you can delegate the well-defined parts 
of your composing process to a computer, but have 
it stop to ask you for additional information when- 
ever necessary. There are at least two excellent 
reasons why you will want to work in this interac- 
tive way. 

First, in your lifetime you will not be able to 
(or even want to) define your style in “final” form; 
while you live, your mind is yours to change and 
pack with new information. Composers often ex- 
tend their methods until the “гесіре” becomes too 
tedious to follow through to completion. The en- 
joyment of devising involved methods is canceled 
by the drudgery needed to carry them out. With 
a computer performing the labor, the composition 
of method can continue to grow and evolve. The 
excitement of composing, as in any other activity, 
is most intense near the frontier of your musical 
thinking. With the barrier of toil removed, your 
creative energies can focus on this area. 

And second, there will always be places in your 
logic where the next step depends on the outcome 
of the previous steps. That is, you will need to hear 
or see what has been produced up to this point 
before deciding how to proceed. Even U-turns 
should be permitted, to let you respecify the choice 
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that had been made at the Nth beat in the Mth bar. 
As the discipline called "artificial intelligence" 
matures, the computer may be able to go further 
without assistance, but our methods will become 
correspondingly more thoughtful, keeping alive and 
even increasing the need for human intervention. 

There are also corollaries that will gain in ap- 
peal as you acquire musical experience. With 
sound-generating equipment rapidly becoming 
available, the tyranny of performance over composi- 
tion is nearly at an end. Until now, in order to have 
your music played it had to be written in a more 
or less standard notation system which, as we shall 
see, has exasperating limitations. Added to this are 
the limiting capabilities of instruments and per- 
formers. Using a notation system you devise and 
program, a computer can control sound generation 
to the limits of its hardware capability under your 
direction. 

If your musical experience is limited, you may 
be confused by my implication that methods 
outweigh notes in importance. Not much thought 
is needed to realize that the same pitches have been 
used and reused for a few centuries now. The com- 
poser's job, if something so enjoyable can be called 
that, is to dream up new ways to arrange those 
same old notes. Even if he decides to experiment 
with new tuning systems, in which the notes are 
not exactly the same as the old ones, the notes just 
“lie there" until he works out the rules for arrang- 
ing them. À composition is a scheme in which 
musical sounds are ordered; composition is the act 
of designing such schemes. Whether the notes 
emerge from the composer's pencil or his computer 
is incidental to the total result that is the product 
of his mind. 

Lowering old barriers does not insure that the 
newly accessible path is free of obstacles. So far, 
we have glossed over that part of the definition that 
says cybernetics is a comparative study. In 
cybernetic composition, you often will be painfully 
aware of the differences between human thought 
and computer processing. Besides facing technical 
problems related to computers, you may feel 
plagued by psychological ones based on the func- 
tioning of the human mind. Our senses evolved long 


before we developed the ability to think abstractly 
and declare ourselves rational beings. Composing 
is one of the many human feats that requires knowl- 
edge as well as a good measure of those instinctual 
talents we employ subconsciously to make use of 
the information that comes to us through the 
senses. Not without difficulty, we can explain“ 
what we see, what we hear, and even what we com- 
pose. But far deeper and unruly is the task of 
describing how we do these things. 

Analyzing and describing our own techniques 
of composition can be a traumatic exercise in self- 
psychoanalysis. And now, we must add to this the 
task of stating our description in a form that a com- 
puter can follow. Odd as it may seem, this 
ameliorates the entire problem, even making a solu- 
tion possible in cases where otherwise it would not 
be. In order to describe “how” in human terms, we 
would begin with musical abstractions which, when 
you think about them, exist at a very high level of 
mental activity. We know very little about the lower 
levels at which these high-level thoughts are con- 
verted to electrical signals and channeled through 
the brain. So there is really no way to give a com- 
piete, accurate description of the human process. 

On the other hand, any given computer has 
what is referred to as its instruction set. The instruc- 
tion set contains every activity that can be per- 
formed at the lowest level of the computer's “neural 
anatomy." This is the level at which electronic 
signals manipulate the elements of data known as 
bits and bytes. The computer also has access to any 
number of high-level languages through which we 
can address that lowest level in a relatively painless 


way, analogous to the way we subconsciously com- 
mand our own thought processes. In programming, 
we will convert high-level human ideas into a cor- 
respondingly high-level computer language. We can 
ignore the hidden steps that allow the computer to 
break down statements in this language into the 
detailed machinations of its instruction set. 

Our sole concern is to describe a model of our 
methods, i.e., a program that begins with the same 
data that we use and ends by producing the same 
sort of results that we would produce. The trick in 
modeling is to proceed from start to finish with an 
objective description of a way to simulate one of 
your own techniques of composing. Although only 
a simulation, this forces you to collect your thoughts 
precisely enough to portray a complete represen- 
tation of your technique. The subconscious 
elements in your style that refuse to show 
themselves must be bypassed by tangible pro- 
cedures that are, for all practical purposes, 
equivalent to those refractory elements. Besides ex- 
plaining your methods to the computer, you are ex- 
plaining them to yourself in a way that does much 
to prevent creative ruts. 

You can then alter your style easily by telling 
the computer to change a parameter here or a sym- 
bol there, but in your mind, each parameter and 
symbol will carry its own concrete musical mean- 
ing. Each represents a palpable control switch or 
adjustable dial in some element of your style. 
Creativity, stylistic control, and general musical 
thought can be practiced at mental levels 
unimaginable in the past. 


If any part of the problem faced by a composer in 
using a computer can be called fundamental, it is 
the broad one we will call representation. All the 
elements of his art and all his methods for 
manipulating them are potential subjects for 
“discussion” within a program. As such, they must 
be represented in a thoroughly self-consistent way. 
For example, if pitches are to be depicted as 
numbers, then operations such as transposition 
must transform these numbers into other numbers 
exactly as one would expect in terms of their pitch 
names. And in what follows, of course, that condi- 
tional “if” doesn't apply; pitches will indeed be 
represented by numbers. 


MUSICAL PITCH 

It is a fairly well-known fact that a given pitch 
has a vibrational frequency which can be expressed 
in terms of a number of vibrations per second 
(hertz). It is even more common knowledge that 
the standard piano keyboard has 88 keys. Though 
I certainly don't recommend it, if you were to 
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remove a piano key you would very probably find 
a number stamped on one of its normally hidden 
surfaces. The lowest key on my spinet is indeed 
stamped with the value “1” and the highest with 
“gg.” 

Because the keys and the well-tuned notes they 
generate lie in an absolutely fixed order, other se- 
quential numbering schemes are possible, and some 
are even more convenient. For example, we could 
place zero somewhere around the center of the 
keyboard, say at middle C, and then use negative 
numbers for lower tones and positive numbers for 
higher ones. In dealing with melody in later 
chapters, we will use a convention that differs only 
slightly from this. Zero then will correspond to the 
pitch, C, that marks the beginning of some 
reference octave, not necessarily the middle octave. 

In discussing scales or harmonic structures, 
even the notion of a reference octave may be ig- 
nored. The octave has a singular psychological ef- 
fect when heard as a musical interval—and this fact 
has not been lost in the design of keyboard in- 


struments. Anyone seeing a piano keyboard for the 
first time is struck by the repetitive pattern of black 
and white keys, in which the black ones appear in 
alternating groups of two and three. Mentally, we 
can extract one complete cycle of this pattern and 
number the dozen keys it contains. 

We will choose the first note of the cycle to be 
the white one just to the left of the set of two black 
ones; this is a C-key and we will number it 0. The 
remaining white notes in the octave will then have 
the values 2, 4, 5, 7, 9, and 11. Their alphabetic 
names follow most unimaginatively from C to G, 
but then revert to À and B as though mocking our 
choice of a starting point. Of course, the initial note 
need not be C, but if it is, the complete cor- 
respondence between numbers and notes within the 
octave is the sequence shown in Fig. 2-1. 

If we need to address octaves as well as notes, 
the most obvious approach would be, as described 
above, to extend our numbers as far as required to 
the left (with negative numbers) and to the right 
(with positive numbers) while simply repeating the 
pitch pattern over and over. The entire range of 


sound can be addressed this way and, if our choice 
of reference pitch proves inconvenient, we need 
only shift the numbers so that zero lies opposite 
whatever pitch is more suitable. 


INTERVALS 


Quite often, we will be more interested in the 
distance between notes than in the notes 
themselves. The distance between two notes is 
called a pitch interval and corresponds to the dif- 
ference between their assigned numeric labels. At 
least, it does chromatically,“ or in terms of the 
smallest unit of pitch separation used in our tun- 
ing system. Each such interval has been given a 
name that reflects the evolution of musical thought 
in terms of an alphabetic (or diatonic) pitch system. 
In the keyboard octave diagram in Fig. 2-1, the 
black notes have all been designated by their 
"sharp" nomenclature. In our 12-tone, "equal 
temperament" tuning system, D- sharp (Df) and E- 
flat (Eb) label the same pitch. Thus, depending on 
the spelling of the notes, an interval will have more 


Fig. 2-1. Correspondence of numbers and note names, using C as a reference point. 


Interval 


pertect unison 
minor second 
major second 
minor third 
major third 


pertect fourth @ 
augmented fourth or diminished fifth 


pertect fifth 
minor sixth 
major sixth 
minor seventh 
major seventh 
pertect octave 


(diminished second) 
(augmented unison) 
(diminished third) 
(augmented second) 
(diminished tourth) 
third) 


(diminished sixth) 
(augmented fifth) 
(diminished seventh) 
(augmented sixth) 
(diminished octave) 
(augmented seventh) 


Fig. 2-2. Common musical names for pitch intervals from unison through octave. 


than one name. The musical names assigned to the 
intervals (Fig. 2-2) may therefore seem confusing 
at first because they were devised in terms of “let- 
ter intervals" so that C to D-sharp cannot have the 
same name as C to E-flat. 

Here, each of the common names is shown first 
with the less usual name following and paren- 
thesized. Still more unusual names requiring 
modifiers, such as “doubly diminished,” or ordinal 
numbers greater than eight (octave) have been 
omitted. Incidentally, two additional names are of- 
ten used with regard to the intervals one and two 
when their spelling is uncertain or irrelevant. The 
first is called a semitone, half tone, or half step, and 
the second is a whole tone or whole step. Figure 2-2 
is shown only as a translation aid. Personally, I 
would like to train myself to use only the numeric 
interval values, but too often 1 find myself using 
names in place of the numeric values, both in 
thought and speech, because of the musical sounds 
they induce in my mind through previous training. 
In "conversation" with a computer however, I will 
always use the numeric intervals. 

The conventional idea of “key” in music nor- 
mally would be introduced here. That idea, like the 
name of an interval, is based on the use of letters 
rather than numbers. Unlike the names of intervals, 
it is a topic of little importance in this study. As we 
shall see when we consider the concept of 
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“tonality,” the natural evolution of the notion of key 
has made the conventional idea obsolete. 


CONSISTENCY IN REPRESENTATION 


The operation musicians refer to as fransposi- 
fion can now be represented by the numeric opera- 
tion of addition. It should be clear that in order to 


` transpose all the notes in a given melody up a 


perfect fourth (check Fig. 2-2 if necessary), we need 
only add 5 to their numeric values. Similarly, to 
transpose down a minor sixth, we would subtract 
8. However, suppose we are dealing not with 
melody, but with a musical component that is more 
conveniently thought of in terms of the pitch names 
or values in one reference octave. That is to say, 
we want all Cs to have the value 0 and all A-flats 
to be 8, regardless of their octave. 

Focusing attention on a particular pitch, say E- 
flat or 3, we see that transposition up a perfect 
fourth can still be represented by adding 5 because, 

543-8 or A-flat 
and this result lies in the reference octave. But sup- 
pose we were to carry out the operation “5 +” on 
8, i.e., transpose A-flat up a perfect fourth. This 
gives the unlucky result 13, which is outside the 
range from 0 to 11 wherein lie our pitches. Com- 
posers face this problem continually; their more or 


less intuitive method of solution must now be put 
into words, or else modeled so as to arrive at the 
same calculated result. An effective procedure 
would be to add the required number of semitones, 
divide the result by 12 (the total number of pitches), 
and retain only the remainder. Notice, the simple 
case (5+3=8) conforms readily to this method 
because 8 (the result) divided by 12 has a remainder 
of 8. But the more recalcitrant 8 + 5 = 13 also yields, 
because 13 divided by 12 has a remainder of 1, or 
D-flat. 

If you think the main part of the results of divi- 
sion are being thrown away in favor of the dregs 
you are absolutely right. The number we have been 
discarding after division by 12 can be considered 
the octave designation. The value 13 really means 
C-sharp or D-flat one octave above the reference oc- 
tave. (This italicized “one” is not the remainder, 
which also happens to be one, but the number of 
times 12 goes into 13.) Had we chosen for reference 
the octave in which the lowest pitch on the piano 
is represented by the value 9, then middle C, which 
is four octaves above our zero octave, would be 
represented by 0 + (4x12), or 48. Notice that 
dividing this by 12 gives four (the octave) with a 
remainder of zero (the pitch). So the procedure de- 
scribed above doesn't really lose any information, 
it merely expresses it in a more convenient way— 
a way that is equally self-consistent and that allows 
us to discard information we don't need. 


REPRESENTATION IN 
A PROGRAMMING LANGUAGE 

In the discussion just given, we represented 
musical entities by numbers, but the entire discus- 
sion was presented in English so that definitions 
could be expressed in a mutually understandable 
manner. In talking to a computer, we are not con- 
cerned with conveying meanings; we simply want 
to tell it what to do. We must be able to refer to 
specific numbers as though they were things (such 
as pitches and intervals) and describe operations 
(like addition and the scheme for dividing by 12 us- 
ing only the remainder) in a self-consistent way, so 
that the computer will produce results that can be 


translated back to us in a consistent and intelligi- 
ble way. 

The language we are going to use does not de- 
pend on the existence of any computer at all. This 
means it is a programming language rather than a 
coding language. It allows us to express our thoughts 
in an extremely concise way using letters, numbers, 
and some special symbols. The language is called 
by its unpunctuated initials, APL, rather than by 
the unassuming name for which they stand—A Pro- 
gramming Language!. 

Even when using a computer that doesn't speak 
APL, I program my thoughts first in APL and then 
translate that program into code acceptable to the 
computer. Fortunately, many computers can be ad- 
dressed directly in this language. In describing the 
language, 1 will use notation that can be considered 
standard. However, in the implementation of APL 
on any given computer, the "standards" of nota- 
tion may be somewhat different because few com- 
puters are designed to handle the set of characters 
needed by APL, either for input through a keyboard 
or for output to a display or printer. 


À typical expression in APL would be: 
NOTES — 0123456789 10 11 


The left arrow may be read, “. . is assigned the 
values(s) . . .." So the above statement established 
an entity named NOTES which consists of a list of 
integers. Individual members of the list are easily 
addressed. You might expect NOTES[1] to contain 
0, NOTES[2] to hold 1, and so on. However, there 
is a provision in APL that lets us count from 0 in- 
stead of 1 if we so desire. This is referred to as in- 
dex origin zero and is put into effect by writing the 
statement: 


DO IO ~0 


From this point on, we will always assume our in- 
dex origin or, in the jargon of APL, quad 10,“ is 


K. E. Iverson, A Programming Language, 
(New York: John Wiley & Sons, 1962). 


zero. Аз a result, we now have NOTES[0} equal to 
0, NOTES[1]-1, . . ., and NOTES[11] = 11. You 
may wonder why I sometimes say that a particular 
entry contains or holds a certain value, and at other 
times I equate it to that value. This is because 
names, such as NOTES[n], can be though of as 
labels similar to those on file drawers, and it is 
equally common to say, “This file contains A to K,” 
or “This is the A-to-K file." 

The statement in which NOTES was defined 
as a list of 12 consecutive integers required little 
effort to type on a computer keyboard. But suppose 
we want to define PIANO as a list of 88 entries 
beginning with 9 so as to simulate a standard piano 
keyboard. With far greater ease than in explaining, 
we can write 


PIANO — q + 88. 


In fact, the statement defining the shorter list could 
have been written 


NOTES —:12. 


The Greek symbol iota (:) is used here as the index 
generator operator. The expression “412” is 
equivalent to the sequence of integers from 0 to 
11. (If we were using index origin one, the same 
expression would be equivalent to the sequence 
from 1 to 12.) Assuming we have an APL computer, 
our entering just these three characters (not 
preceded by a name and left arrow) would cause 
the computer to respond by displaying 


01234567891011. 


Similarly, typing “+88” would produce a list from 
0 to 87. In writing, "9--188," we add 9 to all 
elements of this list and so create the sequence 


91011... 94 95 96. 


Preceding such expressions by a name and left ar- 
row causes the computer to assign the results of 
the expression to the given name without actually 
displaying the results. 

Like most APL operators, iota behaves dif- 


ferently when it is preceded as well as followed by 
values or names. It can be used to find the position 
of an entry in a list. For example, if we typed 


NOTES ‹ 4 


on our keyboard, the computer's response would 
be to display the index of the entry in NOTES con- 
taining the value 4. The result here would be 4 
because the element with index 4 contains the value 
4. But if we asked to see the “PIANO index of 4” 


PIANO . 4 


the result “88” would appear, indicating that the 
value 4 is not contained in any entry because the 
highest index in the list is 87. But before going into 
further detail on the fundamentals of APL, we can 
now suggest ways to translate what was said about 
representation in English into APL. 

To transpose E-flat up a perfect fourth, we can 
now write either 


5 + МОТЕБІЗІ or NOTES[3] + 5. 


In fact, the entire octave could be transposed 
through the expression “NOTES + 5" to produce 
values from 5 to 16. 

More usefully, 


МОТЕЗ(0 3 7] 


effectively spells out the elements of a three-note 
chord (a C-minor triad). To transpose this up a ma- 
jor third we could write 


МОТЕ510 3 7] + 4 


which would give 
4711 


the note values for an E-minor triad. Recalling how 
easily values can be transported outside of the 
reference octave, we can now introduce the APL 
residue operator whose symbol is a vertical bar. The 
expression 


12 | NOTES + 5 
would generate the sequence 
56789101101234. 


Not only does this operation produce the re- 
mainders of NOTES + 5 divided by 12, it also holds 
a convenient surprise. 

In introducing the remainder algorithm, I pur- 
posely avoided mentioning the evasive actions that 
must be used to treat negative numbers. The APL 
residue operation takes such actions automatically 
so that 


12| NOTES - 5 


produces the same sequence any competent com- 
poser would expect: 


78910110123456. 


Notice the residue operation does not set aside 
our "octave designation" integer in a way that 
allows us to access it. But another and somewhat 
stranger symbol, L, denotes the floor operation. It 
finds the largest integer that is not greater than its 


operand. That is, 3.2 would be 3 and 


197620 
would be 


172. 


So if we take the floor of 13 divided by 12 
t43 + 12 


we do indeed retrieve the desired result, 1. Another 
helpful surprise takes care of negative numbers: 


t-1+ 12 


produces the integer -1, implying we have 
entered the octave just below that used for 
reference. In case you wonder why the result here 
is not zero, it is because zero is greater than a 
negative one-twelfth, and so cannot be the “floor.” 

One other question is bound to arise concern- 
ing the use of two different minus signs. In APL, 
the symbols for subtraction and negative value dif- 
fer by their positions on the printed line: 
— versus -. As we shall see, this is necessary to 
distinguish between a symbol used as an operator 
and a symbol used as part of a number. 


Much of the power inherent in APL lies in its ability 
to perform operations that treat lists of values as 
if they were single entities. In order to transpose 
the three entries of a minor triad, we needed only 
a single statement. It was equally simple to 
transpose all 12 notes in the octave, and we could 
just as easily transpose all the tones in a given piece! 
If we had to code such statements in another 
language, we would need to write programmed 
loops in which each entry in a list received in- 
dividual treatment. There are more complex opera- 
tions in which one list of values operates on another 
list. Coding such operations is extremely tedious 
and the many lines of required code offer ample op- 
portunity to make mistakes. But in APL we can 
program even these operations as single 
Statements. 


VECTORS AND ARRAYS 


We referred to the entities named NOTES and 
PIANO as lists of numbers. In APL, this particular 
form of list is called a vector. A vector is a list in 
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which any particular entry can be addressed by a 
single index. We can also say that a vector is a one- 
dimensional array. Thus NOTES[3] refers to the 
fourth entry in that list—although to make this 
seemingly absurd connection between the index 3 
and the fourth list entry, one may need to be 
reminded of our choice of index origin in which the 
index 0 comes first. 

À two-dimensional list can be thought of in the 
form shown in Fig. 3-1. If the name assigned to this 
array in our program were LIST, the element 
marked by the X would be addressed as LIST[2;1]. 
The addressing scheme in APL requires the row 
index to precede the column index. The entire row 
of this array that contains the X would be the vec- 
tor, LIST[2;1]. Similarly, the column containing the 
X is the vector, LIST[;1]. The role of the semicolon 
becomes particularly clear in the following. 


LIST[2 3;] means rows 2 and 3 (all 
columns) 
LIST(2:4 1] means the row 2 elements of 


columns 4 and 1 


0 
ІН 
FERE 
-з x 
к 
M 
0 1 2 3 


Fig. 3-1. Graphic representation of a two-dimensional array. 
Each position is addressed by the scale markings for its top 
and left side, Thus the address of the "X" is [2:1]. 


LIST[2 3;4 1] means the four elements 
means the whose row and 
column indices are 

[2:4], (2:11, [3;4] and [3;1], in that order. 


Although a vector has only one dimension and 
is written in a horizontal format, we can say its 
“Jast” (and only) dimension is addressed by a col- 
umn index. Now, on going from one to two dimen- 
sions, the old (column) index is preceded by the new 
(row) index. Similarly, to form a three-dimensional 
array we will place the new index first and think 
in terms of 


[plane; row; column]. 


Figure 3-2 should help clarify the way the added 
plane index allows us to “collect” a group of two- 
dimensional arrays into one three-dimensional 
“file.” 

And now, four dimensions can be viewed with 
no mental gymnastics as sets of three-dimensional 
files or file drawers." Again, the newest index (the 
drawer number) would be the first index given in 
addressing any particular entries. Sets of these, like 


file cabinets, would be five-dimensional objects. А]- 
though the process of adding dimensions can be pic- 
tured quite easily, it is rarely useful or even 
practical to go beyond three. 


INDEXING 


An element in an array can be indexed by any 
expression, as long as that expression, when 
evaluated, equals an integer that is a valid index 
for the array. For example, if 


А Запа В — 5, 


then NOTES[A+B] would be the same as 
NOTES[8]. However, NOTES[A x B] would be in- 
valid because the index (15) would be out of range 
for this array of twelve elements. Further, 
NOTESIA = B] violates the rule that an index must 
be an integer. 

The entire array, NOTES, could be awkwardly 
written as shown below: 


NOTES[0 1 2 - - - 10 11] ог NOTES[.12] 


and no rules of syntax would be broken. The point 
here is that any valid sequence of indices is ассер- 


Fig. 3-2. A three-dimensional array addressed by [plane; row; 
column]. 


11 


table. Thus if a "melodic vector," M, were defined 
as: 


M-02404684 


then PIANO[48 + M] would pick out this melody in 
one-finger style beginning with middle C (48 on the 
keyboard). Moreover, if an array, A, had the form 


then PIANO[A +48] would be valid and have the 
same shape as A! That is, even though PIANO is 
a vector, PIANO[A + 48] is the three-by-three array: 


48 52 55 
50 54 57 
52 55 59 


The complexity of the APL expressions you 
use, as well as your depth of thought, will increase 
as you become fluent in the language. There are 
no bounds on complexity; as long as your 
Statements are syntactically correct and do not 
generate more information than your computer can 
hold, you can say "anything" in APL. Thus, forms 
such as A[B;C;D], where À is a three-dimensional 
array and B, C, and D are legitimate expressions, 
can be used to construct some very complicated 
multidimensional objects. I am not encouraging 
this, but merely pointing out that the power is there 
if you have the kind of thought processes that can 
make use of it. 


THE SHAPE OPERATOR 
The shape of an array is expressed as the 
numbers of elements in each of its dimensions. That 
is, the shape of NOTES (the vector of integers from 
0 to 11) is 12. This is expressed іп APL by writing 
q NOTES 


Typing that statement into our APL computer 


12 


would cause it to fire back the value 12 on its out- 
put device. Entering instead the statement 


S e NOTES 


would create a variable named S containing the 
value 12 within our program. If the operator o 
(Greek rho) were preceded by the numbers 3 4: 


34 ç NOTES 


we would be specifying a new shape for the con- 
tents of NOTES instead of referring to the existing 
shape. À computer would respond by displaying the 
integers in three rows and four columns: 


o о 


1 
5 
9 


Son 
= 


1 


And of course, writing 

T -34 o NOTES 
would create the variable named T containing that 
array. 

So the shape operator serves two important 
functions: 

eA 
captures the shape of A, while 

Вес 
reshapes the entries in С according to the specifica- 


tions in the item B. 
Suppose À is the array 


о- — 
e= 


1 
1 
2 
1 


in which each row gives the number of attacks on 
each beat in a bar of 3/4 time. That is, we could 


be representing the rhythmic sequence shown on 
the top line of Fig. 3-3. The shape of A is 4 3 and 
it tells us directly that there are four bars with three 
beats in each bar. Setting 


В-340А 


establishes the array named В containing а 
representation of three bars with four beats in each 
derived directly from A. This reshaping operation 
proceeds by cycling over the existing indices in last- 
to-first order. That is, the consecutive sets of indi- 
ces that label the consecutive entries in the array 
act just like the wheels on a mileage indicator ex- 
cept that, instead of each wheel having the digits 
from 0 to 9, each has the number of digits given 
by the entry in the same position in the vector to 
the left of the shape operator. 

In this case, the “high-order'' wheel contains 
the three digits O, 1, and 2; the low- order wheel 
holds the four integers from 0 to 3. So the elements 
would be taken in the order: 


10:0], [0;1], [0:2], [1:0], [1:1]. [1;2], [2:0], - - - 


and the array B becomes 


— 82 — 
== 
S 
ore 


representing the rhythm shown on the middle line 
of Fig. 3-3. If we reshaped the array A into three 
rows and five columns: 


356A 


the indices would cycle just as on an odometer un- 
til the three rows (bars) of five elements (beats) are 
filled: 


representing the bottom line of Fig. 3-3. 


SCALARS AND EMPTY ARRAYS 


Ironically, beginners find the idea of multi- 
dimensional arrays easier to grasp than the con- 
cepts of no-dimensional objects and empty arrays. 
An "array" with no dimensions is called a scalar. 
To give an analogy in simple geometric terms, the 
entries in a three-dimensional array in APL are ad- 
dressed like the letters in a book, by: 


[page; line; column]. 


A line of type corresponds to a vector in which each 


gu Dy 1 111 ш | 


n 


Zl DDD, 


Fig. 3-3. The top line shows the rhythm of attacks represented by the array A, the second line is the attack rhythm represented 
by the expression B — 3 40А, and the bottom tine is a rhythm represented by 3 50А. 
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Description 


scalar 

vector 

matrix or 2-D array 
3-0 array 

4-D array 


Flg. 3-4. The shapes and ranks of some one-element objects, ail of which contain the same single value. 


letter can be addressed by one index. The line itself 
is reached through its page number and line index. 
Now, when we talk about a scalar, it is as though 
we're referring to a particular letter of the alphabet, 
say “h,” without any indication as to where it ap- 
pears in the book. The number 5 is a scalar; it has 
no "dimensions." However, it is also possible to 
have a vector or higher order array containing a 
single entry. Imagine a book with pages so narrow 
that each line can contain only a single character. 
Another book may be smaller still, having one 
character per page; and the ultimate in smallness 
would be a book containing a single character. 

Now picture a book in which all the pages are 
totally blank. In terms of characters, this is an 
empty array. Note, an empty array may have some 
nonzero dimensions, but it has no elements. On the 
other hand, a scalar is one element with no dimen- 
sion. The reason such oddities are required will 
become intuitively clearer with experience, but it 
can be summed up in the phrase, “self-consistent 
representation." And to complete the picture in a 
self-consistent way, the following statements sum 
up the properties of “shape” in APL. 


1) The shape of any variable is a vector. 

2) The shape of an empty array is a vector 
containing at least one zero. 

3) The shape of an empty vector is the one- 
element vector, 0. 

4) The shape of a scalar is the empty vector 
(a vector with no elements, not even a 
zero!) 

5) The shape of the shape of a variable is a 
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one-element vector giving the number of 
dimensions (the rank) of the variable. 


Figure 3-4 shows the shapes and ranks of some one- 
element objects, all containing the same single 
value. 


Syntactical Considerations 

To create an array, the argument to the left of 
the shape operator must be a scalar or vector. If 
the array is to be empty, the left argument must 
contain a zero. The expression 


001 
creates an empty vector (0 elements equal to 1); 
0305 


creates ап empty two-dimensional аттау (0 rows 
with 3 columns). In these statements, the value to 
the right of the shape operator clearly doesn't mat- 
ter; syntax simply requires the operator to have a 
right argument. 

“Тһе” empty vector can be written (40 or iota 
zero) regardless of index origin. The expression 


(0) A 


creates a scalar (shape equal to the empty vector) 
containing the first element in A. 

This level of detail becomes important when 
dealing with a computer directly in APL. In an ex- 


pression such as A+B, the computer must be able 
to interpret exactly how to perform this operation. 
If it sees that A and B have entirely different 
Shapes, it—and the programmer who wrote the pro- 
gram allowing it to “speak” APL—just doesn't 
know what to do. Many existing APL interpreters 
are not even clever enough to notice that single- 
valued objects such as those in the above table can 
be treated alike under certain conditions. Simply 
because their shapes are different, any attempt to 
combine them “improperly” will cause an error 
message to be displayed. 

Notice that operators such as o consistently ap- 
ply to whatever lies to their right. Parentheses must 
be used to delimit arguments. For example 


eA+B 
is the shape of the sum of A and B, but 
(0А) + B 


adds the shape of А to B. The existence of a left 
argument can change the meaning of an operator 
significantly, and parentheses are often needed 
here, too. In fact, every valid APL expression has 
a rigid interpretation based on a right-to-left scan 
of its contents. Thus the expressions 


xD 
A +(B o O) x D 
x D 
(A + Bo С) xD 
(A + B)e C) xD 


are all different. 

As if the syntax of APL weren't hard enough 
to teach, a new version of the language has ap- 
peared (APL2), and its manual informs me that 
operators and functions are both “operations!” 
Following through with that misuse of English syn- 
tax, the author pleads with me not to call operators 
“operators.” Unfortunately, I have already done so 
for years and will probably continue to until I can 
break the habit. According to the new cant, func- 
tions are operations that may have arrays as 
arguments. The name operator is reserved for 
operations that must have at least one function as 
an argument. There are many powerful, new 
features in APL2 which will not be covered here 
because they were not available when the programs 
to be described were written. The fact that the ter- 
minology makes no distinction between a surgeon 
and a tonsillectomy should not detract from its 
power as a programming language. 
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No matter how proficient you become at program- 
ming and working with numerical representations, 
when you use your programs to compose, you will 
prefer to think in more musical terms. Because 
APL can handle letters as well as numbers, it is 
perfectly reasonable to write programs that accept 
literal information from the user, convert it to 
numerical representation, carry out the necessary 
numerical operations, and convert the results back 
into letters and names that are conveniently legi- 
ble and meaningful. In APL, entries such as PIANO 
or XXX can be specified as names of variables con- 
taining information. Information is either numeric 
or literal. Names are differentiated from literal in- 
formation through the use of single quote marks: 


XXX — ABC 
versus 
XXX — ‘ABC’ 


The first expression sets XXX to contain whatever 
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information is associated with the name, ABC. The 
second makes XXX contain the alphabetic 
characters À, B, and C. 


REPRESENTATION IN GENERAL TERMS 


All data in APL are either numeric or literal. 
The first decision to be made in representing any 
concept within a program concerns the kind of sym- 
bols to use—words, names, letters, special 
characters, numbers. Various types of information 
could be defined as follows: 


A 7.3 

B-5 

C - 6.27 .01945 13 9.03 
D — 1673242 

Е N. 

Е — 'F£7»9' 
G-"le«»*' 
H-1 

J ~ 0100110 


These аге all scalars ог vectors, but such entries 


are equally valid for arrays of higher order. The en- 
tries for A, B, C, D, H, and J are clearly numeric, 
but can be broken down further into three distinct. 
types of numbers. In APL, all three types can be 
used in the same way as ordinary numbers, but each 
also has special properties and thus special uses not 
Shared by the others. These must be taken into ac- 
count whenever an appropriate representation is to 
be chosen for some musical entity. 

The version of APL we're discussing will not 
permit a variable to be difined that is mixed 
numeric and literal! 


K — 7'B' 1.3 R3" 


will cause a syntax error. Literal variables may con- 
tain any symbols available on your hardware. In 
most of the musical examples to be shown, only the 
APL character set appears because such was the 
limitation built into my old printer. APL has a 
predefined system variable called the atomic vector 
(С. AV) which contains 256 characters, not all of 
them printable. Some of these are control characters 
such as carriage return, line feed, backspace, etc. 
But each has a specific position in the atomic vec- 
tor and so can be addressed as O АМп) if 
necessary. Notice that 


AVA! 


will return the index of the character A' in the 
atomic vector. 


Literals and Variable Names 

The APL character set consists of uppercase 
letters, those same letters underscored, numbers, 
and quite a few special symbols. Although literals 
may contain any characters at all, even characters 
not in this set, the names of variables are more 
limited. A name may not contain any blanks and 
must begin with a letter or an underscored letter. 
Digits may appear in any but the first character. 
Some systems consider the underscore character 
itself as a legitimate “letter” and some even include 
the Greek delta (A) and underscored delta (A). You 


may use blanks freely in expressions to promote 
legibility. They are necessary only where numbers 
or names could be misinterpreted if not separated. 
To place a single quote in a literal, type a pair of 
single quotes: 


'Ravel''s' will appear as Ravel's 
and 


'Ravel''s''""Pavane'''"* 
will print as 
Ravel's Pavane“. 


Instead of using the numerical representation 
given earlier for NOTES, a musician might prefer: 


NOTES - 12.20 0 СО EIE F FIG АА BIB' 


If the luxury of “#” and symbols is not available 
on your system, the APL 1 and 1 characters will 
serve. Notice this is a matrix with 12 rows and 2 
columns. À row index from 0 to 11 will select a 
pitch: NOTES[3;] contains the two characters "Е" 
and b.“ A column index isolates the pitch letters 
or the accidentals. Also notice what would happen 
if we were not careful about using blanks in the 
definition of NOTES. 
One might go so far as to define: 


с-с 
CSHARP — ‘Ct’ 
o 0. 
EFLAT — E’ 
etc. 


If we now asked to see the shape of these variables, 
we would find that C is a scalar while CSHARP is 
a two-element vector! One apparent oddity here lies 
in the difference between the use of blanks in 
literals and numbers. A single number, no matter 
how many digits it contains, is a scalar. A single 
letter, which may be a blank character, is also a 
scalar. Two numbers, separated by a blank or a 
comma, comprise a vector. Two letters separated 
by a blank or a comma would be a fhree-element 
vector. And just to keep things consistent, there is 
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even a literal analog on the (numeric) empty vec- 
tor. Àn entity expressed as two successive single 
quotes. 


А—'' 


has all the properties of :0 except for being literal 
rather than numeric. 

There is one other difference between literals 
and numbers that can be troublesome. Suppose we 
were to define: 


ONE ~ '1' 
TWO- 2“ 
etc. 


If we now asked to see ONE displayed, the digit 
“1” would appear without quotes. We might be 
aware that it is literal rather than numeric because 
of its position on the display—most systems indent 
for numbers and do not indent for characters. But 
we could easily overlook such clues and expect an 
expression such as 7 ONE to give a numeric re- 
sult rather than an error message. Numeric opera- 
tions cannot be applied to literals! 


Numbers 

For simplicity, consider just A, B, and H, which 
respectively were set to 7.3, 5, and 1 in the section 
on “General Representation.” All three can be used 
with the APL operators +, , x, + as well as with 
less common symbols which we will examine 
shortly. 

The latter two numbers are clearly integers. In 
our kind of work, we need rarely be concerned 
about the way APL distinguishes between integers 
and nonintegers within a computer. But we must 
remember to use only integers when we index ar- 
rays. (In a melodic vector containing a string of 
pitch numbers, what would an index of 7.3—as in 
MELODY[7.3]—mean?) 

Integers of the form in H and J above comprise 
a third class of numbers. Any numeric variable, no 
matter what its shape, that contains only ones 
and/or zeros can be used as an argument in a logical 
or Boolean expression. For the moment, you can con- 
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sider the term “‘logical’” to be applicable because 
1 and 0 may represent yes and no or true and false. 
A more general understanding will emerge when 
we take up the relational and logical APL operators. 


Input and Output 

A commonly used term in computer jargon is 
10, which is pronounced eye oh.” This of course 
refers to input and output or the two-way com- 
munication between you and your computer. The 
forms of ИО we'll discuss here are the standard 
ones for APL. They support a standard input de- 
vice (a keyboard) through which information enters 
the computer, and a standard output device (now 
usually a display) on which the computer prints 
whatever it has to say. (If any other devices are to 
be used, such as printers, disks, or other displays 
or terminals, your APL system will address them 
through system-dependent functions or through 
special programs called auxiliary processors or de- 
vice drivers.) 

It is probably evident by now that every expres- 
sion you enter, even if it is only a number, will be 
"evaluated" and the result will have to go 
somewhere. We have seen that if the expression 
contains a left arrow, the result of that evaluation 
will be assigned to the name preceding the arrow. 
If no arrow is present, the result will be displayed 
on your output device. À right arrow (—) will use 
the result literally ''to go somewhere," as we'll see 
when we discuss branching. 

In entering expressions for direct evaluation, 
you can use APL as a calculator rather than as a 
programming tool. Of course, you can also ask for 
some very complex programs to be executed. In ei- 
ther case, this kind of input takes place in execu- 
tion mode. In order to define any sequence of steps 
you want executed as a program, you must use 
function-definition mode. This is typical jargon for 
“a mode of operation in which the statements that 
comprise programs (called functions) will be ac- 
cepted.” For now, however, we are concerned with 
input and output during execution. 

When executing, those predefined programs 
called functions can ask for input from the user. 


Notice that the program will need to display some 
output if it is to ask for input. Within a program, 
a statement as simple as: 


‘ENTER INPUT’ 


can be used. Because there is no arrow, this literal 
is sent directly to the display (without the quotes). 

The user’s reply will enter the program through 
a symbolic window, a quad character (07 ) for 
numeric input or a ‘‘quad-note” (V) for literal in- 
put. The programmed statement to do this can be 
as simple as: 


AD 


But the window can also let information go directly 
into an expression that requires evaluation: 


A- BX UC. 


Information also can leave the computer 
through the APL window. The statement: 


O-A 
is unnecessary because 
A 


alone will display the contents of A. But statements 
of the form: 


О -А-ВхС 
allow simultaneous assignment and display. 
О = М ~ ABC[1201553J 
will store in М and display the indexed entries in 


ABC. 


COMMON MATHEMATICAL OPERATIONS 
The ordinary mathematical operators for addi- 

tion, subtraction, multiplication, and so on are used 

in APL almost as you would expect. But there are 


two generalizations that apply which are unusual. 
First, all mathematical operators can be monadic 
or dyadic, that is, they may have one (right) argu- 
ment or two (left and right) arguments. And sec- 
ond, all APL expressions are executed from right 
to left so that, in the absence of parentheses, APL 
operators treat everything to their right as one 
argument. 

More explicitly, the plus sign in dyadic use 
represents ordinary addition. 


T-5+Y 


will cause T to represent the sum of five plus what- 
ever value Y represents. If Y is an array, the scalar 
5 will be added to each element, and the resulting 
array, T, will have the same shape as Y. As a 
monadic operator, the plus sign is called the iden- 
tity operator because it does nothing to change its 
argument (+A equals A). 

The minus sign needs more careful considera- 
tion because of those two generalizations. First, the 
need to distinguish between the monadic negation 
operator and a negative number requires the in- 
troduction of an additional symbol which is not an 
operator. As pointed out earlier, the numeric minus 
sign is a short dash printed noticeably higher than 
the usual symbol. The expression 


75 -17 -4 
is а vector containing three negative integers. This 
sign can only be used in this way, that is, as part 
of a number! The monadic negation operator (~) 
negates the sign of everything that follows (in its 
right argument). The expression 

-К--17 


says, Subtract negative 17 from the value of K and 
change the sign of the result. 


-4+ -17 would be 13 
-21%:17 would be -4. 


As a dyadic operator, it functions quite normally: 
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13 - 5 is indeed 8. 
But notice: 

-4-717 would be -21 
while 

-74- -17 would be 13. 


The dyadic multiplication and division 
operators behave as you would expect: 


5 x 2 equals 10 and 
5 + 2 equals 2.5 


But as monadic operators: 


x A implies the signum of A 
+ A represents the reciprocal of A. 


For those unfamiliar with these terms, the signum 
is 1, 0, or -1 if the argument is greater than, equal 
to, or less than zero, respectively. The reciprocal 
of an expression is one divided by the expression. 


x 5 x 2 equals 1 (the signum of 10) 
+ 5 x 2 equals .1 (the reciprocal of 10). 


Some may also need to be reminded that a 
logical definition of the process of division shows 
that as the denominator decreases, the result 
becomes larger. In fact, as the denominator ap- 
proaches zero, the result exceeds any definable 
number. Therefore division by zero is undefined, 
and any expression in which the right argument of 
the division or reciprocal operator is zero will cause 
a domain error. 

In general, very small and very large values can 
be troublesome when working with a computer sim- 
ply because of restrictions built into the hardware. 
The manual for each implementation of APL will 
state the maximum positive and negative values 
that can be handled. Numbers close to zero (not in- 
tegers) are treated in a way that depends on the 
value of another system variable called comparison 
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tolerance (O CT) or, more colorfully, ‘‘fuzz.” 
Usually this has a default value of about 10-13 (one 
over 10 trillion), which is too small to account for 
certain other problems that computers have in per- 
forming arithmetic with small numbers. We'll re- 
turn to this later. 


RELATIONAL OPERATORS 


Before considering the other mathematical 
operators, we'll look at those that express a rela- 
tion between two values. By definition, “between 
two values" implies these must be dyadic operators, 
and the relation between the two arguments will 
evaluate to either one or zero, indicating whether 
it is true or false. 

Equal (=) and not equal (+) symbols can be 
used in both numerical and literal expressions to 
produce logical (1 or 0) results. Don't confuse the 
equal sign with the assignment — operator. 


K=5 


gives the result 1 only if K does, in fact, equal 5. 
If K were any other value, the result would be 0. 
Notice, if K were the vector 3 5 7 9 7 5 3, the re- 
sult would be the logical vector, 0 1 0 0 0 1 0. 


B[3] = 'G' 


produces a result of 1 only if the third element of 
the vector B is the character “G.” If S were set to 
the literal vector ‘POOR’, then S= ‘GOOD’ would 
be the logical vector 0 1 1 0. The expressions 


K s Sand 
B[3] + . 


would be true (equal to 1) only if the not equal rela- 
tions were true. S + ‘GOOD’ would equal 1 0 0 1, 
if S were actually equal to POOR’. 

The remaining relational operators apply only 
to numerical arguments: 


equals 1 if A is less than B, 
equals 1 if À is less than or 
equal to B, 


«B 
А < В 


А >В equal 1 if A is greater than B, 
and 
А >В equals 1 if A is greater than or 
equal to B. 
Setting 


A- 12 345 and 

B- 65432, causes 

A < B to equal 1 1 1 0 0 and 
A2B-1tobe00111. 


LOGICAL OPERATIONS 


There are five logical operators formed from 
the three symbols —, ^, and v. 

The monadic NOT operator ( —) changes the 
value of a logical expression from 1 to 0 or 0 to 1. 
It can also be used in conjunction with the other 
two operators, both of which are dyadic, to “ге- 
verse" their meaning. 

The AND operator (^) gives a true (1) result 
only if both of its arguments are true. The ex- 
pression: 


(A=B) ^ (C>DxE) 


equals 1 only if A equals B and C is greater than 
the product of D and E. 

Combining NOT with AND produces the 
NAND operator (x). As the phrase “NOT AND” 
suggests, it gives results exactly opposite to those 
produced by AND; only if both arguments are true 
(1) is the result false (0). 

The remaining symbol ( v ) is the OR operator. 
Av Bis true (i.e., 1) if either (or both) arguments 
are true. An OR relation is false (0) only if both 
arguments are false. 


ТЕ 2e] 


Fig. 4-1. Two rhythms to be represented by the logical vec- 
tor$ A and B. 


The NOT operator combines with OR for the 
NOR operation which negates the simple OR. It is 
true (1) only if both its arguments are false (0). 

As an example of utility, let the value 1 (true) 
represent a rhythmic attack and the value 0 (false) 
indicate no attack. To account for the three beats 
in a barof waltz time, we might write the rhythm 
for a bass part as: 


BASS — 100 


For an “оот-раһ-раһ” effect, we can now let the 
trumpets play the rhythm: 


TPTS — -BASS 


which would be 0 1 1. For an example with more 
interest, consider the two rhythms shown in Fig. 
4-1, which can be represented logically as: 


А-101101011010 
ала 
В-1010110101 1 0. 


Using the relationships depicted in Fig. 4-2, we now 
can produce the rhythms shown in Fig. 4-3. It is 
not unusual for the direct use of simple logic to pro- 
duce such full musical settings. The same logic can 
also represent all sorts of schemes for ordering 
these parts sequentially instead of playing them all 
simultaneously. But we'll get into that later. 


CONFORMABILITY 
For the two arguments in a dyadic operation 


Fig. 4-2. Relationships created by performing the NOT, AND, 
NÀND, OR, and NOR logic operations on vectors A and B. 
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-А pit td, ie) 


Jp 7: 


АУВ p > à, 


Fig. 4-3. Ahythms derived from vectors А and B through “logical operations.” 


to be compatible partners, their shapes must be 
“conformable.” Usually, this means they must ei- 
ther have the same shape or else one of them can 
be a scalar. In general, there are different confor- 
mability requirements for different operators. 
Where the usual conditions just given do not hold, 
the restrictions on the shapes of the arguments will 
be given explicitly. Notice, if 


42201234, 
then A is 

12 

3 4 
eA is 


22 


22 


1 + A equals 


23 
45 


A x A equals 


14 
9 16 


AxAxA equals 


and 


10 
1 -2 


is the result of А-А x А-1. 


Of the remaining APL operators, some will appear 
stranger than others, but more importantly, some 
will be more useful than others. Their utility will 
depend on your own way of doing things and your 
understanding of their pertinent mathematical and 
logical properties. As your programming techni- 
ques increase in sophistication, you will find sur- 
prising uses for many of the operators. However, 
some APL operators, though very powerful, will 
be omitted here because they are not directly ap- 
plicable to the subject at hand. For anyone in- 
terested in "composing" his own instrumental 
sounds, this can be a grave omission. 


EXPONENTIALS AND LOGARITHMS 


The asterisk (*) in dyadic form raises its left 
argument to the power(s) designated by its right 
argument. A*3 means that every element of À is 
to be raised to the third power (Ax Ax A). Of 
course, the exponent (3, here) does not have to be 
an integer or a scalar. The fundamental 
mathematical properties you need to understand in 


order to use exponents intelligently can be found 
in any algebra text at the first-year college level. 
The most obvious uses of exponentiation lie on 
the mathematical side of the boundary between 
composing and programming. Exponentials are in- 
dispensable in calculating pitch frequencies in any 
"equal-tempered" tuning system. They can be ex- 
tremely useful in shaping waveforms. But these are 
topics we cannot cover here. One of their most 
useful properties for our purposes lies in the 
“tricks” they play with the number minus one: 


(-1)*(апу odd integer) equals minus one. 
(-1)*(апу even integer) equals plus one. 


While I recommend looking into their properties 
if you are not familiar with them, I can assure you 
that if you ignore their existence, you'll experience 
very few ill effects. 

As a monadic operation, the asterisk will be of 
little use to us here. It simplifies use of the 
transcendental number, e (the base of natural 
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logarithms), in expressions. That is, instead of 
writing 2.7182818, one could use *1. 

The inverse function to exponentiation is sym- 
bolized by an encircled asterisk (*). If A raised to 
the B power is C (A*B equals C) then the logarithm 
of C to the base А is В (A * C equals B). The in- 
verse nature of these two operators carries over to 
their monadic forms. Thus, * A is the natural loga- 
rithm of A (the logarithm of A to the base e). 


ABSOLUTE VALUE AND RESIDUE 

А much simpler and more generally useful sym- 
bol is the vertical bar introduced earlier. The ''ab- 
solute value" of A (|А) refers to the magnitude (the 
numeric value without regard for the sign) of A: 


| 3 -7 .5 -1.7 equals 37 .5 1.7 


We have already used the dyadic form of this 
operator. Remember, A | B (or the A residue of B) 
is the remainder found on dividing B by A with 
“suitable adjustments" mad for minus signs: 


3 | -3 -2 -1012 3 equals 0120120 
but 


-3 | -3 -2 -10123 
equals 0 -2 -1 0 -2-1 0. 


MAXIMUM, MINIMUM, FLOOR AND CEILING 


A pair of operators identical in concept but ex- 
actly opposite in functions are r and v. In monadic 
form, these are the ceiling and floor operators. The 
“ceiling of A” (A) produces the smallest integer 
that is not less than A and the “‘floor of A" (L) im- 
plies the greatest integer that does not exceed A. 
The floor of 7.5 (7. 5) is 7 while the ceiling (,7.5) 
is 8. 


011.0 1.1 1.9 2 equals 3 1112 
` 1 1.0 1.1 1.9 2 equals 11222 


Dyadically, these operators select the max- 
imum or minimum of their arguments: 
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Expression Result 
7.906 '8.01 8.01 
8-32 86 10 6 30 
0 “13-917 1.3 0 17 


CIRCLE FUNCTIONS 


The name and form of this operator (o) were 
suitably chosen to suggest its functions which relate 
to various properties of circular geometry. In its 
simplest form, O 1 is equivalent to x (3.14159 . 

. ). More generally, “circle A" (© A) results in 
т times А. 

If a left argument is used, it must be an integer 
in the range from -7 to 7. There are constraints 
on the right argument that depend on the value of 
the left argument. Even if you are well acquainted 
with the trigonometric, hyperbolic, and 
Pythagorean functions represented by these 15 
dyadic forms, you will find little or no use for them 
in what follows. (They can be essential however if 
you want to synthesize your own waveforms!) My 
main reason for mentioning them here is to point 
out that a variable—here, the left argument—can 
represent something quite abstract and yet be 
ordered in a scale (77, 6. 75, . . ). Figure 5-1 
shows the meaning and restrictions on the expres- 
sion X — Y Z. 


PERMUTATIONS AND COMBINATIONS 


The exclamation mark is used to represent the 
factorial function. The factorial is a product of con- 


x 
a-za *.5 


sinz 
cosz 

tan 2 
(14252) 75, 
sinh Z 
cosh Z 
tanh Z 
arcsin 2 
arccos Z 
arctan Z 
(rerums 


Fig. 5-1. Meaning of and restrictions upon the circle func- 
tion as used in the expression X ! YOZ. 


secutive integers from one to the argument of the 
function. Thus, seven factorial" (17) equals 
1x2x3x4x5x6x7,or 5040. Using an inductive 
approach, this function can be generalized so that 
a value can be calculated when the argument is any 
number at all except a negative integer. That is to 
say, IN has meaning (and can be computed) when 
N has any positive or negative noninteger value as 
well as when N is an integer greater than or equal 
to zero (!0 equals 1). 

When N is an integer, the result of IN has a sim- 
ple and, for us, useful interpretation. It equals the 
number of ways that N different things can be ar- 
ranged in sequence, i.e., the number of permuta- 
tions of М items. Three factorial (13) equals 1 x 2x 3 
or 6; given the three items a, b, and c, there are 
six ways to order them. 

To display a set of permutations, you need 
some sort of scheme that will let you keep track 
of the items to ensure that each permutation ap- 
pears just once and individual items in one permuta- 
tion are not replicated. The most useful scheme in 
working with computers is purely numeric: 


1) 123 abc 
2) 132 acb 
3 213 bac 
4) 231 bca 
5) 312 cab 
6) 321 cba 


Each row listed here shows the index for the per- 
mutation (from 1 to 6), the corresponding permuta- 
tion for the integers from 1 to N (here, N = 3), and 
the same permutation for the items themselves. 
The idea here is to think of the permutations of the 
integers as N-digit numbers and arrange them in 
increasing order. Notice 123 is less than 132 which, 
in turn, is less than 213, and so on. Then using the 
integers as indices of the things to be permuted, 
we can write “а” wherever “1” appears, "b" in 
place of “2,” etc. 

The dyadic operation, M!N, represents the 
number of ways that M objects can be selected from 
a set of N objects. For the four things, a, b, c, and 
d, we find 


114 equals 
4214 equals 
6314 equals 
4414 equals 
1514 equals 0 


showing there are four ways to extract a single itern 
(a, b, c, or d), six ways to choose two items (ab, ac, 
ad, bc, bd, or cd), four combinations of three things 
(abc, abd, acd, or bcd), one way to pick all four, and 
zero ways to take five from a collection of only four. 

We will see the usefulness of these operations 
in thematic development and in the choice of raw 
material for composition. 


NUMBER SYSTEMS 


Two more mathematical operators are used 
only in dyadic form and deal with a fundamental 
set of concepts needed to understand much about 
computers and computer jargon. 

The decode operation CL) can best be grasped 
intuitively using the value 10 as its left argument: 


1044725 


yields the value 4,725. The right argument (а vec- 
tor here) is “decoded” to a value in a number 
system defined by the left argument. With 10 as 
the left argument, we're decoding the vector to an 
ordinary decimal or “Һазе-10” number. 

To understand that this process is not just a 
matter of removing the spaces between the digits 
in the vector, let's model the operation by using 
some simpler APL ideas. Consider the three 
vectors: 


А - 4725 
B-3-.4 
C = 10* B 


Here we see the original vector defined as A. Next, 
you should examine the vector B to verify that it 
equals 3 2 10. Similarly, C will be found to contain 
1000 100 10 1. Now by multiplying A x C (or A 
x 10 * B), we find 4000 700 20 5 which, when 
added together, give the final result, 4725. 

We can apply the same process to: 


8.4725 


25 


by using 
C-8'B 

and find a result of 2,517. In like manner: 
1614725 


will be found to to yield the value 18,213. 

The subject of number systems can seem 
rather sophisticated to beginners, but much of the 
mystery in computer terminology evaporates after 
being exposed to this subject. So let's back off 
briefly to reconsider in a more elementary way the 
ideas just introduced. The numbers we ordinarily 
deal with contain the digits from 0 through 9. The 
two-digit number, 10, represents the base of this 
number system, and gives it the name, decimal. In 
fact, a one followed by N zeroes represents the base 
raised to the power N. For a number in the nona? 
or base-9 number system, digits from 0 to 8 would 
appear and the number 10 would have 9 as its value! 
Tn this way we can device number systems with any 
base down to 2, and express numbers in such 
systems in terms of their (decimal) values. 

In the base-2 or binary system, the digits are 
restricted to the range from 0 to 1 and the number 
10 must have a value of 2. The term bif is a con- 
traction of “binary digit. The fact that electronic 
signals can be classified in terms of two possible 
states—above or below some threshold—allows cir- 
cuits to manipulate bits in perfectly logical ways 
so as to mimic mathematical algorithms. Computers 
manipulate bits in groups rather than singly, and 
the size of these groups determines the size of the 
numbers that can be dealt with. Just as N decimal 
digits can represent 10*N different values, N binary 
digits can run from zero to (2*N) - 1. 

In working with high-level languages such as 
APL, one can remain isolated from these 
troublesome details. But somebody must be able 
to work with the computer on its own terms in or- 
der to design and implement such languages and 
to determine the source of errors when something 
goes wrong at a fundamental level. Humans have 
as much trouble recognizing long strings of bits as 
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they do reading long sequences or musical notes 
without bar lines of ligatures. 

But patterns of bits as well as of sixteenth notes 
are quite easily grasped by the mind when grouped 
in threes or fours. An earlier generation of com- 
puters grouped bits into words whose length was 
divisible by three. Octal numbers were then con- 
venient to use because each octal digit is equivalent 
numerically to one of the eight possible 3-bit pat- 
terns from 000 to 111. On going to a word length 
divisible by four, the base-16 or hexadecimal system 
came into common use. Notice that this system 
needs 16 unique digits to represent the values from 
0 to 15. The representation that has become stan- 
dard uses 0 to 9 followed by the letters À through 
F, so that the first two-digit number (10) has the 
required value, 16. A byte is defined as eight bits 
or two "hex" digits, and is easily pictured by musi- 
cians as a bar of eighth notes and/or eighth rests 
in 4/4 time. 

Figure 5-2 shows the equivalent representa- 
tions for the values from 0 to 16 in the four most- 
used number systems. 

Many kinds of measurements, such as time, 
angle, or distance, require systems for counting that 
are not restricted to a single base. The expression 
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Фхочольью-чо® 


Hexadecimal 


9 
1 
2 
3 
4 
5 
6 
T 
8 
9 
A 
8 
c 
D 
E 
F 
0 


Fig. 5-2. Representations of the first 17 integers in decimal, 
octal, hexadecimal, and binary notation. 


1 5280 12 16 L 17 650 9 13 


uses on the left the conversion factors for feet per 
mile, inches per foot, and the number of sixteenth- 
inch scale markings per inch. The right argument 
shows a measurement of 17 miles, 650 feet, 9 and 
13/16 inches. The result of this expression is 
17,358,877 which is the number of sixteenths of an 
inch in this distance! In the same way, 


1841243629 


would tell us the number of 1/32nd note durations 
that are needed to reach the ninth 32nd note of 
the second beat in the sixth bar of the third phrase, 
where there are twelve 32nd notes per beat, four 
beats per bar, and eight bars in a phrase. 

To understand the algorithm used here, let's 
return to the base-10 example where the vector А 
was set to 4 7 2 5. Another way to get the same 
answer in that case would have been to define: 


В- 10 10 10 1 
C—1010 11 
D-10 1 11 


and then set the result to the sum of the elements 
in Ax Bx C x D. Using this same pattern for the left 
argument in the above example to find the number 
of 32nd notes: 


A-3629 

B-84121 
C—41211 
D—12111 


Now, summing over Ax Bx C x D gives 


(3x8x4x 12) + (6x4x12) + (2x12) + 9 
=1473 


There are additional possibilities for the 
arguments here. The only one I will point out is the 
case where the right argument is a matrix. Say A 
is the array: 


123 
456 
789 


Now, 10 L A will give the vector 147 258 369. 
Under certain conditions, the encode function 
СТ) is the inverse of decode (D. The qualification 
is needed because the shape of the left argument 
has a critical effect on the result. For example: 


10 2. 4725 

10 10 ＋ 4725 

10 10 10 T 4725 

10 10 10 10 T 4725 
10 10 10 10 10 T 4725 


equals 5 
equals 2 5 
equals 7 2 5 
equals 4725 
equals 04725 


We can write an expression using only 
previously introduced operations to produce the 
same result: 

10| +4725 + 1000 100 10 1 
Scanning from right to left, we see the first opera- 
tion divides 4725 by the vector 100 100 10 1, pro- 
ducing 4.725 47.25 472.5 4725. The next operator 
to the left is the floor. It can't be the dyadic 
minimum because there is another operator to its 
left! Executing the floor operation gives 4 47 472 
4725. Finally, we take the 10 residue of this to ar- 
rive at the expected result, 4 7 2 5. 

You might try using this method, replacing the 
powers of 10 with suitable values, to show that 


8888Т 2517 
and 
16 16 16 16 T 18213 


both return the original vector, 4 7 2 5. You might 
now see if you can alter the algorithm to show 


18412'T 1473 


returns the vector 3 6 2 9. 
The extension to more complex arguments will 
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only be suggested here by stating that 
10 10 10 T 147 258 369 
will return the matrix 


123 
456 
789 


RAVEL 


You are probably aware of an intrinsic dif- 
ference between the "mathematical" operators 
we've been discussing and the shape operator, о, 
manipulate variables in ways that often show no 
regard for the values of these variables. The first 
such operator uses the comma as its symbol. With 
only a right argument, 


A 


is called the ravel of A and produces a vector con- 
taining all the elements of А in "mileage-indicator"" 
order, as described in the section on the shape 
operator. If A were a scalar, its ravel would be a 
vector with a single element. The ravel of the 
matrix 


123 
456 
789 


is the vector 123456789. 


CATENATE 


When used dyadically, the comma serves its 
usual linguistic purposes of chaining, or catenating, 
things together. The catenation of À and b would 
be written as A,B. For the moment, consider the 
ranks of both arguments to be less than two, i.e., 
is a scalar or vector. Their catenation is the vector 
containing both sets of elements. Notice that 
number can be strung together with spaces or com- 
mas, so that 
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1,2,3,4, 


,5 equals 12345. 


But the comma must be used to catenate numeric 
variables with numeric constants (ordinary 
numbers) or with other numeric variables. The ex- 
pression 


A,1 23,8 


equals the elements of A followed by 1 2 3 followed 
by the entries in B. If A were the vector 1 2 3, then 
AAA 

would be 1 23123123. 


Frequently we wili have reason to use a state- 
ment in which the empty vector is catenated to 
something. From a purely practical viewpoint, this 
may appear senseless, but we will see that there 
are good reasons for doing so when we consider the 
logic involved. 

Character (literal) scalars or vectors may also 
be catenated (but not with numerics): 


А —'MAJ' 
В ~ MIN“ 
C-'OR' 
so that 
A,C,C,B,C 
equals 
"MAJOR OR MINOR’ 


(Note that C[2] equals a blank character.) 


CATENATION WITH THE “AXIS OPERATOR” 
Arrays with rank greater than one can be 


catenated using the form 
А МВ 


where М is an integer. А bracketed value appear- 
ing after an operator in this manner is often referred 
to as the axis operator. However, for this operation 


to be acceptable, the shapes of both arguments 
must meet certain conformability requirements. If 
you were given objects shaped like A and B at the 
top of Fig. 5-3, and were asked to join them to- 
gether so as to form another well-defined array, you 
would undoubtedly derive either the “А,В” or 
"B,A" configuration shown in that figure, rather 
than irregular shapes such as those marked ““in- 
valid." And, of course, you would be correct indo- 
ing so. 

Now notice that these are two-dimensional or 
rank-2 objects and, from the way they are drawn, 
the shape of the newly formed object has the same 
first (row) entry as do the shapes of À and B. The 
second component of the shape, or the column en- 
try, distinguishes the new array. The bracketed N 
for this operation would equal the index of the 
altered dimension in the shape. Here that would be 


the second (last) component remember, the order 
for matrices is row,column—so we would write 
АПВ, remembering also the effects of index origin 
zero on labelling the components of any vector. Ac- 
tually, when N refers to the last (column) dimen- 
sion, the axis operator may be omitted. Thus A,B 
will have the same effect as A,[1]B here. If A and 
B were rank-3 objects, then A,B would give the 
same result as A,[2]B. 

In general terms, for two arrays to be conform- 
able for catenation along the IN] · axis, all the other 
components of their shapes must match. Notice that 
this implies the two arrays can also have ranks that 
differ by one if the unmatched axis [N], is the “miss- 
ing" one in the array of lower rank. 

A most convenient feature allows a scalar to 
be catenated to an array by expanding the scalar 
along the required axis. For example, let A be the 


Fig. 5-3. A and B are arrays having the same number of rows. They may be catenated in either of two ways, forming 
a larger array that also has the same number of rows. Joining the two in any other way will not produce a “wel-defined” array. 
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array 2 3 o 'ABCDEF' and B the scalar (single 
character). . Now A,B is 


ABC* 
DEF* 
ВОЈА is 
РАЗ 


АВС 

DEF 
B,A,B equals 

*ABC* 

*DEF* 
And B, [0] (B,A,B), [0]B produces 

ett 

*ABC* 

*DEF* 


e»t 


LAMINATION 


If two arrays have identical shapes, they can 
be joined as adjacent members of a larger array us- 
ing the laminate operation. Thus two vectors of 
length L can be laminated to form a matrix with 
two rows and L columns or L rows and two col- 
umns. To do this, the comma and axis operators 
are used as before except that, in the case of lamina- 
tion, the bracketed N is not an integer. The value 
used for N indicates where the new axis is to be 
inserted into the vector of existing shape elements. 
In the case of two vectors is length L, 


A(z .5]B 
would create two rows, while 
A,[L5]B 


would create two columns. The following table 
generalizes the situation for two arrays with shapes 
equals to x, y, 2. 


A. I-. SIE sets shape to 2, x, y, 2. 
A[5]B sets shape to x, 2, y, z, . 
A[1.5]B sets shape to x, у, 2, 2 
A,[2.5]B sets shape to x, у, 2, 2,... 


Notice that N is chosen to lie between the integers 
that index the current shape vector or within the 
bounds of the next integer at either extreme. This 
means the fractional part of N is not restricted to 
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the digit 5 and, if the index origin were one, the 
N value would still obey the same rule. 
Lamination can also be carried out if one argu- 
ment is a scalar. APL simply extends the scalar to 
match the shape of the other argument. Setting 


А -2301+16. 
A. -. Slo would form: 


123 
4 5 6 


000 
000 


where the new shape is 2 2 3. Writing instead: 
All. Slo 


would create another 2 x 2 x 3 array, but the sec- 
ond (row) axis is now the new one: 


123 
000 


456 
000 


MEMBERSHIP 


The Greek epsilon, e, is used only in dyadic 
format and represents the membership operator. 
Comparison with the dyadic iota (index of” opera- 
tion) is instructive and also helpful in avoiding con- 
fusion between them. Consider these two 
expressions: 


IV A 
М-АжВ 


The variable А represents the same object in both 
expressions and can have any shape. We can now 
clarify certain aspects of the first expression which 
were avoided earlier because the required concepts 
had not been established. 

The shape of I will equal the shape of A and, 
for each element in A, the corresponding element 
in I gives the first index in V that contains that A 
element. V must be a vector. 


In the second expression, the shape of M will 
also equal the shape of A, but notice that À is the 
left argument of е. There are no conformability re- 
quirements for the arguments; À and B may have 
any shapes. The result, M, will be a logical array 
that tells whether each entry in a is present 
anywhere in В. The expression АєВ can be read, 
“A is a member of B." Notice, ~ АєВ represents 
the statement, “А is not a member of B.” 


If we let V equal 1234 56, and set W to the array: 
13 
35 
17 
the following relations hold: 
V e W equals 02 
24 
06 
V e W equals 101010 
W e V equals 11 
11 
10 


TAKE AND DROP 


A pair of operators that are useful in selecting 
only parts of arrays are represented by up and down 
arrows; these are both dyadic. Their left argument 
can be a scalar or a vector with as many entries as 
are in the shape of the right argument. As a base 
for examples here, we'll set: 


А ~ 'ABCDEFG" 

В-1-.:7 

С-45о ‘RED GREENBLUE BLACK’ 
D- 369118 


Now, the expression ! A will select the first 
four elements of that vector, ABCD; the expression 
74 1 A selects the last four elements, DEFG. If the 
left argument is larger than the number of elements 
in the right argument, blanks of zeroes will be ap- 
pended to the result according to whether the right 
argument is literal or numeric: 


91A => 'ABCDEFG * 
-91В => 001234567 


For the higher order arrays, С 


RED 
GREEN 


251 C implies the first two rows and five columns 
will be taken to form 


RED 
GREEN 


8 -2 1 D takes the first three rows and the last 
two columns: 


4 5 
1011 
16 17 


041 A gives an empty array of shape 0 4! In апу 
case, the shape of the result for a fake operation A 
1 B is |A. 

The drop operation produces a complementary 
result: 


31 A => 'DEFG* 
31A ‘ABCD’ 
2; В => 34567 
-9Е В => (null vector) 
0-3! С => RE 

GR 

BL 

BL 


Can you see that the shape of the result of X | Y 
will be 0 ' (eY) - |X? 
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GRADE 


A pair of monadic operators "grades" or sorts 
numeric vectors in ascending or descending order. 
A new development in APL extends these same 
operators to work dyadically on literal arrays, ef- 
fectively giving the programmer control over 
alphabetic ordering as well as numeric. We will only 
take up the older monadic form here. 

Suppose we have a vector: 


А- 10 -272137 14. 


Then the grade up of A (4A) will be 1425063, 
showing that the lowest value appears in A[1], the 
next lowest in A[4], and so on. Notice that where 
a value is repeated in the original vector, the re- 
sult contains their indices in sequence (A[2] and A[5] 
both equal 7 here). Note also that this operation 
reflects the current index origin. 

The grade down of this same vector [¥ A) would 
be360254 1, ordering the indices of the values 
from largest to smallest. 


RANDOM NUMBER GENERATION 


Let me state immediately: The secret to writing 
sensible music lies in order, not randomness. The 
operators about to be described can indeed be 
useful to us, but not in a direc? way such as choos- 
ing the notes of a melody! 

Fittingly, the random number generator is 
designated by a question mark. If À is a scalar, the 
roll function (?A) will produce an integer chosen 
“randomly” from the set of integers in :А. Here, 
À must itself be a positive integer. If A is any ar- 
ray of positive integers, the result will have the 
same shape as A and each entry will be selected 
independently as if A applied to each entry in A. 
(But remember: in reality, the index generator, 
takes only a scalar argument!) 

The term random always requires explanation. 
APL incorporates an algorithm for picking random 
values, and that raises the obvious question as to 
whether numbers can be considered “random” if 
they are predictable. If you had an exact knowledge 
of the algorithm used here, you could write it in 
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APL and execute it to see what the results of the 
? operation would be. Аз long as you don't have 
such knowledge, the results will appear random to 
you. 

But suppose you turn on your computer, per- 
form certain operations, and then turn the computer 
off. Now you start up again and repeat the same 
sequence of operations. You will get exactly the 
same results if and only if the state of your com- 
puter is exactly the same at the beginning of each 
session. There is a system variable called the ran- 
dom link, ORL, which is used by the algorithm in 
choosing random numbers; this variable is reset to 
a new value after each choice. You may save the 
current state of your APL “workspace” at any time 
so that, when you reload the workspace, the last 
value of the random link will be in effect. This 
means that the reloaded workspace will generate 
“new” random numbers even if the last session's 
input is repeated. Also, you can reset ORL 
manually, so that you may control this aspect of ran- 
domness at will. 

The dyadic random operation is called the deal 
function. In the expression A?B, both arguments 
must be positive scalar integers (or one-element 
vectors) and À must not be greater than B. The re- 
sult will contain À different integers chosen from 
the set B. Note the difference between 


25о7 
апа 
5?7. 
The first case emulates five successive rolls of a 


seven-sided die, while the second deals five cards 
from a seven-card deck. 


REVERSAL AND ROTATION 


The symbol for the operations we're about to 
examine consists of the circle overstruck with the 
vertical bar (ф. Consider the expression: 


AG 


If B is a vector, Then A will contain the elements 
of B in reverse order. Thus 4:7 will equal 6 5 4 3 
210. If B isa higher-order array, the axis operator 
is applicable. That is, we can write: 


A—o[NJA 


where N is an integer denoting the axis along which 
reversal is to be performed. 

And, as was the case for catenation, when N 
is the column (or last) axis, it may be omitted from 
the expression. Thus, if b is the two-dimensional 
array: 


012 
345 
678 


then $[1]B is the same as ФВ and equals: 


210 
543 
876 


while o [0]B will produce: 


678 
345 
012. 


In dyadic expressions, this operator produces 
cyclic rotations directed according to the axis 
operator and by an amount determined by the left 
argument. 


2 ф 'ABCDEFG' will equal COEFGAB 
-2Ф 'ABCDEFG' will equal FGABCDE 


In general, КФ V will cause a "rotation" K places 
to the left if K is positive and the same number of 
places to the right if K is negative. 

Using the above matrix for B, 29B will equal: 


201 
534 
867 


-20B equals: 


120 
453 
786 


and 26[0JB would be: 


678 
012 
345 


Tn fact, the left argument may be an array 
whose rank is one less than the rank of the right 
argument, so that the columns, rows, planes, etc., 
can be rotated independently "around" the axis 
operator. Thus, O 1 2 Фф B gives 


012 
453 
867 


and 0 1 26 [0]B is 


048 
372 
615 


If, in the operator symbol, the vertical bar is 
replaced by a horizontal bar (6), the effect is to re- 
verse the default axis operator from last to first. 
That is to say, instead of writing Ф [0]А, we can 
write SA. When the axis operator is explicitly given, 
both operators, Ф and o, function identically. 


A ç [N]B equals A o [N]B. 


TRANSPOSITION 


The circle symbol overstruck with a reverse 
virgule or backslash signifies mathematical—not 
musical—transposition. To transpose a matrix, you 
simply interchange rows and columns, so that if A 
18: 


012 3 


456 7 
891011 
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then ФА is: 


048 
159 
2610 
3711. 


Notice that the shape of A is 3 4, while th shape 
of the transpose of A is 4 3. In generalizing this 
monadic transposition to arrays of higher rank, it 
is logical to use this effect on the shape as a guide. 
Earlier implementations of APL made the 
generalization that the last two shape entries must 
interchange, so that an array with shape equal to 
234 will transpose to one with shape 2 4 3. In other 
words, the planes would contain the same entries 
as before the transpose, but rows and columns 
would still interchange. Newer versions of APL 
generalize the change in shape as a reversal of the 
entire shape vector (QQA equals $ oA) so that two 
planes of three rows and four columns transpose 
to four planes of three rows and two columns. 

The remainder of this section gives a more 
complete introduction to dyadic transposition. Ît is 
not a subject with immediate practical value in com- 
position, so you may prefer to browse through it 
now and return for a more concentrated reading 
when you see a use for it. 

Dyadic transposition is defined so that the left 
argument gives an explicit description of the way 
the axes to be reordered. In the expression P à A, 
P must be a vector satisfying these three conditions: 


Values of P for ççA=4 


0000 
0001 or any of the other З permutations of these 4 elements 
0011 or any of the other 5 permutations of these 4 elements 


1) (Р = geA 

There must be one element in P for each 
axis of A. 
2) (C/ e юР 

The greatest entry in P must be one of the 
integers in 10P. 
3) P must contain all the integers from O 10 
to its greatest entry. 


Thus, if ооА equals 4, P can be any of the permuta- 
tions shown in Fig. 5-4. 

Taking the last case first in the figure (no 
repeated entries in the left argument), suppose the 
shape of A is 3 2 5 12. If P is 2 0 3 1, the shape 
of the result will be 2 12 3 5. To see this, write (oA) 
directly above P: 


eA = 32512 
P-2031 


Then reorder the columns so the bottom row is in 
numerical order: 


21235 
0 123 


The top row now gives the shape of the result. This 
also says that the element in All : K;L] becomes the 
IA: L.: EK] entry in the result, so we can see in Fig 
5-5 exactly how each element is affected. 

In cases where P contains repeated elements, 
the same sort of [I;J;K;L] mapping can be used with 
modifications as needed for the duplicates. Say A 


0012 or any of the other 11 permutations of these 4 elements 
0111 or any of the other 3 permutations of these 4 elements 
0112 or any of the other 11 permutations of these 4 elements 
0122 or any of the other 11 permutations of these 4 elements 
0123 or any of the other 23 permutations of these 4 elements 


Fig, 5-4. Possible values of P in dyadic transposition for the expression ee. 
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element in A 


position in P 


[2:1;4;10] 
[2;1;4;11] 


Fig. 5-5. Effect of dyadic transposition using a oqA value 
of 4 and a value of P having no repeated elements. 


is the same as above, but P is now 1 0 1 2. As 
before, we can write: 


32512 
101 2 


and reorder to get 


23512 

11 2 
But, of the columns with duplicated P entries, only 
the column containing the smallest values will be 


kept. This means the result will have shape 2 3 12. 
]ts effect on the lettered indices can be seen as: 


LJ K L becomes J I-KL 
10 12 becomes 0 1 2 


So the result will contain only the A[l;J;;L] entries; 
the I and K indices here must always be the same, 
effectively eliminating one axis from the result. In 
the most extreme case, P = 0 0 0 0, only the Af! 1 
elements are used, forcing the result to be a vector 
with shape equal to the minimum entry іп (QA) ог 
2 in the above example, so that 


0000 A 


would contain only А{0;0;0;0] and А[1;1;1;1]. 


COMPRESSION AND EXPANSION 


The symbols / and \ are used in two sets of 
operations. The first set consists of compression 
and expansion. These are dyadic operations in 
which the left argument must be a logical vector. 
The expression 


1 0 1 1 1 0 1/'ABCDEFG' 
causes the result ACDEG. Similarly, 
101110 1/117 96 34 102 84 57 91 


produces 117 34 102 84 91. Where the left argu- 
ment contains zeroes, the corresponding elements 
in the right argument are eliminated or compressed 
out. If the right argument is a vector, this forces 
the left argument to have the same shape. But if 
the right argument is an array of higher rank, the 
axis operator may be used and the left argument 
must be a vector with shape conforming to that 
axis. Suppose À is the аттау 3 4 ¢ « 12. Then 1 0 
АЛОА (or 10 1 - А) is 


012 3 
891011 


and 0 1 0 ЦА (or 0 1 0 1/A) is 


Note, in the absence of the axis operator, the 
horizontal bar implies compression over the first 
axis. With neither the bar nor the axis operator, the 
last axis is compressed. 

If either argument is a scalar, it will be 
reshaped to match the shape of the other as re- 
quired. If both arguments are scalars, the result is 
either the null vector or a one-element vector. 

Expansion is the logical antithesis to compres- 
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sion. Again, the left argument is a logical vector, 
but now conformability requires the number of ones 
in this vector equal the number of elements to be 
“expanded.” That is, 


1 1 0 ‘ABC’ 


gives AB C, inserting a blank in the thrird position, 
and 


11024 25 26 


is 24 25 0 26. The axis operator can be used just 
as in compression: 


1011 11 [03 4 o: 12 


equals 


It may help to note that, in compression, the 
shape of the left argument conforms to the shape 
of (the axis used in) the right argument and the 
number of ones in the left argument equals the 
shape of the result (for that axis). In expansion, 
these relations are reversed—the number of ones 
in the left argument conforms to the shape of the 
right argument and the shape of the left argument 
determines the shape of the result. 

Don't be misled by the direct use of logical vec- 
tors in the above examples. Remember, a logical 
condition such as V < 12 is a logical vector with 
the same length as the vector V. The statement 


М — (А[;0] e XVZ ИОА 


will keep all rows in the matrix À that have either 
X.“ "Y, or "Z' in their first column. 


REDUCTION 
Composite operations called reduction and scan 
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also use the symbols / and . To their right goes 
the usual numeric or literal argument. But, on their 
left can be one of the mathematical or logical 
operators! In practice, you'll find the most useful 
operators here are +, x, „ !, A, and V. For the 
moment, we'll restrict the discussion to the case 
where the argument of the operation is a vector. 

The expression + /А represents the plus reduc- 
tion of A or, dropping the APL jargon, the “sum 
over (the elements of) A." As instinctively clear as 
that may be, in order to understand how other 
operators can be used, we must analyze the way 
this expression is actually executed. Let À be the 
vector «6. Then + /А represents 


0+1+2+3+4+5. 


APL must evaluate this from right to left as usual, 
though in this case it really doesn't matter. But now 
let's look at —/A! Here we have 


0-1-2-3-4-5. 


First, 4-5 equals -1. Then, 3- (4-5) or 3- -1is 
4. Following that with 2-(3-(4-5)) or 2-4, we 
find -2. And continuing in this way, we finally ar- 
rive at the result, -. 

The logical operations AND and OR are par- 
ticularly useful for determining the truth of a com- 
pound logical condition. The expression 


* (A<B), (C-D, EVE 


will equal 1 only if all the conditions are true—A 
is less than B, AND C equals D, AND either of two 
logical variables, E or F, is true. In a similar way, 
an OR reduction will be true if any of the conditions 
in the argument are true. 

The maximum and minimum operators will se- 
lect the extreme values in the argument. The ex- 
pression 


31 47 26 70 
will single out the value 26 as the minimum. 


Be forewarned that the relational operators will 
not do what you might expect. For example: 


=/А 
will equal zero unless А has the form 


111. Aaa 


Similarly, 
</A 

will equal one only if A has the form 
000... 0, a, b 


where a is any number less than b! 

Even more unexpected are the details of what 
happens when the right argument has only one en- 
try or no entries. If the argument is a scalar or a 
one · element array, the result will equal that one ele- 
ment no matter what the operator. If the argument 
is the empty vector, the result will be what is called 
the identity element for that operator. This is incon- 
sistent with the way APL treats other mathematical 
expressions in which the argument happens to be 
null. Both of these expressions: 


5+0 
5*0 


give an empty result, but 


5+ +/0 and 
5**/0 


equal 5! The identity elements can be thought of 
as the most “harmless” values for the operators. 
Can you see why the identity element for the max- 
imum operator must be the smallest number that 
can be represented on your computer? 

The reduction of a vector produces a scalar. 
In general, + ЛМА gives a result whose shape is 
the same as that of A with the [N]-axis removed. 
For example, with 


А-34 e 12 


ог 


012 3 
456 7 
891011 


the expression 
+ А ог +/[0]А 


will be the vector 12 15 18 21, while 
+/(1JA or +/A 
will be 6 22 38. Similarly, 


"А 


equals а vector containing the largest entry іп each 
row, while 


Lo ЛОА 


picks out the smallest entry in each column. Notice 
the difference between 


YM and / Г/М. 


The first of these totals the elements in each row 
of M and then picks the largest total. The second 
finds the largest element in each row and then sums 
over these elements. 

Until these operations become second nature 
to you, there will be confusion about rows and col- 
umns. You may wonder if I referred to +/M as a 
sum over the elements in the rows by mistake. In 
the absence of the axis operator, operations are car- 
ried out across columns, i.e., across the last axis. 
Even the shape of an array is measured in this “ог- 
thogonal" way. That is, to count the number of 
rows, we actually count the number of elements in 
one column, and to find the number of columns we 
usually count across a row. The operator ф rotates 
rows about the column axis while € rotates columns 
about the row axis. Once you have thought this 
through carefully, you will feel much more secure 
in reading APL expressions. 
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SCAN 


The plus scan of А (+ NA) consists of a se- 
quence of plus reductions producing a result with 
the same shape as A. If A is the vector01234 
5, then + “А equals 0 1 3 5 10 15. The Nth term 
in the result equals the redution carried out over 
the first N elements. In this case, 


/ is equal to (4/0), (4/01), (4/01 2), (+ 
0123,... 


The extension to higher order arrays and to other 
operators is straightforward, but confusion will re- 
sult if one forgets that each of the successive reduc- 
tions must be carried out from right to left! To be sure 
you understand this, you should verify the 
following: 


«16 equals 011000 
—h6 equals 0 0 100 0 
5/6 equals 01 1111 


INNER AND OUTER PRODUCT 

The same mathematical and logical operators 
permitted in the reduction and scan operations are 
alowed in the two remaining composite 
functions—the inner and outer products. The inner 
product generalizes the mathematical operation 
commonly called matrix multiplication. It has the 
form: 


Aa.bB 
where a and b are any of the allowed operators. For 
vector arguments, the operation is carried out as 
if it were written: 

а/АБВ 
With the following conditions 


A-31224 
B-0110 


then A + , x B equals 7 (AxBis01204and Ax 
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equals 7), and Ax .*B equals 8 (A*B is 1 1 2 1 4 and 
x/A*B equals 8). 

Conformability requires -1 То A (the last ele- 
ment of the shape of the left argument) be equals 
to 1 ! o B (the first shape element of the right argu- 
ment). Scalars or one element arrays will be ex- 
panded to match as usual. The result will have the 
shape of the left argument with its last argument 
with its last element dropped, catenated to the 
shape of the right argument without its first ele- 
ment. If A and B had shapes 5 2 2 3 and 3 6 4 
respectively, the result would have the shape 5 2 
2 6 4. Note the “conforming” axes in the shapes 
are eliminated in the result. (This is why, when both 
arguments are vectors, the result is a scalar.) Any 
particular element in the result can be found by the 
expression 


R{I;J;K;L;M] equals a/A[I;J; 


] b B[:L;MI 


The outer product operation causes all the 
members on two variables to interact through a 
single operator in a specific order. In the expression 


R ~ A°.+B 
(read: “R is set to A jot dot plus В”), the result con- 
tains every element of À added to every element 
of B. The shape of the result equals the catenation 
of the shapes of À and B. Each element of the re- 
sult can be determined directly from its indices, 
e.g., if A has rank 2 and В has rank 3, then 

R[I;J;K;L;M] 
equals 

МЕЛ + B{K;L;M] 


probably the most useful situations occur with two 
vectors, Say 
A-5432 


and 


В-123456. 


Now, А9. +B is the array: 


567891011 
45678 910 
34567 89 
23456 78 


Here, each row index corresponds to the entry in 
A with the same index and each column index has 
the same relationship to B. Then А°. >B equals 


Ao. = B produces 


0000010 
0000100 
0001000 
0010000 
and B°. ‘A is 
0000 
1111 
2222 
3332 
4432 
5432 
5432 


BACK TO NUMBERS 
Different computers have different ‘‘architec- 
ture" and therefore different limits on the size of 
the numbers they can handle. The system programs 
that allows different computers to execute APL 
programs are also different and may impose addi- 
tional restrictions on numeric values. If you were 
to enter a number such as: 
1.23456789012345678 
the computer might “answer” 


1.23456789 


The number of print positions used for the 
displayed value depends on the setting of a system 


variable called printing precision (O PP). This can 
be changed from its default value in some systems 
to any integer up to about 15. А slightly larger 
number of digits than the number displayed is main- 
tained for calculations. But if this limit is violated 
in your program, your results will be rather upset- 
ting. For example: 


123456789012345678 - 123456789012345667 


clearly has a value of 11. Yet a computer will pro- 
bably tell you it equals zero! 

On entering a number such as 
123456789012345678, the response will take this 
form: 1.23456789Е17. This is a common form of 
exponential notation used in higher-level computer 
Janguages to keep track of the position of the deci- 
mal point. À number followed by E17, means that 
the number is to be multiplied by 10 raised to the 
17th power. That is, the decimal point is to be 
moved 17 placed to the right. Similarly, 
1.2345E-9 would represent the value 
0.0000000012345 (the decimal point has been 
moved nine places to the left). 

In most applications, and certainly in compos- 
ing, we never deal directly with such extremes in 
value. However, there may be times when 
numerical artifacts introduced by a calculation will 
cause real problems. This usually happens when 
you test for a particular relation between two values 
that are not necessarily integers. You may be 
waiting, typically, for the variables À and B to 
become equal, and they never do. After “tracing” 
the execution of your program very carefully, you 
find that they approached each other to within some 
number containing the exponent "E- 13"! Another 
system variable, comparison tolerance (Г1 CT) сап 
be set to get around this. Instead of using the rela- 
tion À = B—where you expect a zero or one and 
the “true” condition never appears—you can write 
the relation as 


О СТ> [А - В. 
If the default value of “quad CT (usually around 
1E'13) is unnecessarily small, you might reset it to 


a more reasonable value for your purposes, perhaps 
1E-6 or even 1E- 13 3 
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You have seen how most of the pieces move in this 
game. In this chapter we'll look at some additional 
features that serve as strategic tools. The most im- 
portant of these give you the ability to define your 
own “pieces” and their “moves.” And once more, 
"APL-speak"' tends to fuse the ideas of pieces and 
moves into one concept: user-defined functions. But 
before going into this, let's look more closely at the 
board on which this game is played. Much of the 
material we will discuss here applies to the direct 
use of APL on a computer, and so may not appear 
immediately useful if you plan to code in some other 
language. 

Unlike computer languages that only allow you 
to create and execute programs, APL lets you 
establish environments called workspaces. When 
you tell your computer that you wish to use APL, 
it places you in the default environment, called a 
clear workspace. Also, it places you in execution 
mode, meaning that any expressions you enter will 
be immediately executed. Of course, you must 
Switch to definition mode to create functions of your 
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own, and we'll discuss this below. But anything you 
do in the workspace will be lost if it is not saved. 
And before a workspace can be saved, it must have 
a name other than CLEAR. So, in the name of clari- 
ty, we must examine some of the system commands 
before going any further. 


SYSTEM COMMANDS 

Statements that begin with a right parenthesis, 
relate directly to the APL environment or 
workspace. These are called system commands, and 
here we'll describe some of the most common 
forms. 

)WSID. In response to this command, the com- 
puter will display the name of the currently active 
workspace. 

)WSID MUSIC. This command changes the 
name of the current workspace to MUSIC. Of 
course, any name valid in your system may be used. 
Most systems respond by showing a message such 
as "was clear" or “was harmony" as an aid or 
warning. 


JSAVE. The active workspace will be saved on 
peripheral storage (such as tape or disk) when this 
command is given. If a workspace with the same 
name already exists in the user's library, it will be 
replaced. Typically, a message will signal a suc- 
cessful operation by telling you the name of the cur- 
rent workspace and the time and date. Less 
favorable messages such as “not saved—disk full” 
or “not saved—clear workspace” may appear. In 
some systems, the command can contain a (possibly 
different) name under which the workspace is to 
be saved, such as) SAVE OPUS6. 

)LIB. Here the user will be shown the names 
of his saved workspaces. There are variations of 
this command, such as )LIB 32 or )LIB M, which 
give you access to particular libraries or workspace 
names that begin with certain letters, but these de- 
pend on the way your system handles libraries. 

)LOAD ORKSTRS. А copy of the workspace 
ORKSTR6 becomes the active workspace with this 
command. On completion of the loading process, 
a typical message here would be 


SAVED 2/30/85 02:14 


meaning that this workspace was last saved at a 
most unlikely date and time. On the other hand, a 
message such as 


WORKSPACE ORKSTR8 NOT FOUND 


might appear if our spelling or memory for names 
is faulty. 

)СОРҮ ORKSTRS. The workspace ORKSTR8 
is added to the active workspace when this com- 
mand is given. This makes all user-defined 
variables and functions in that workspace available 
in addition to whatever is already active. However, 
this statement will cause entities in the active 
workspace to be replaced if their names are the 
same as those in the copied workspace. To prevent 
this, the protective copy command, )PCOPY 
ORKSTRS, can be used to bring in only those ob- 
jects from ORKSTRB whose names do not already 
exist in the active workspace. It is important to 
remember that system variables (such as O IO) are 
not brought into the active workspace with the 


)COPY command, but are with )LOAD. 

oV ORKSTR8 BRASS REEDS. This more 
restrictive form will copy only the objects name 
BRASS and REEDS írom the workspace 
ORKSTRS. The PCOPY form is also available in 
some systems. 

)DROP BEATS. The workspace named BEATS 
will be erased from the library with this command. 

EAR. The active workspace can be replaced 
by the default environment at any time. All user- 
defined functions and variables will be lost and all 
system variables will be reset to their original 
values when this command is given. 


THE FUNCTION HEADER 


To enter or leave definition mode, the del, Ç , 
(not to be confused with delta, v) is used. If you 
are entering this mode to define a new function, the 
del is the first character in a header statement. The 
most general form for a header would be 


vA — В BLEEP C;D;E;F ... 


Besides switching to definition mode, this particular 
statement says a dyadic function named BLEEP 
(with left and right arguments B and C) is about to 
be defined. This function will also return an explicit 
result, specified here by A. Further, certain local 
variables (D, E, F, etc.) will be used within this 
function. 

When this function has been completely de- 
fined and we are back in execution mode, the name 
BLEEP will be available for use as if it were another 
APL operator. The statement 


X BLEEP Y 


will cause the explicit result to be displayed because 
no assignment (with a left arrow has been made. 
In a more involved setting, 


В — N x (R BLEEP J°2) * 5 


will execute the function using R as its left argu- 
ment and the square of J as its right argument. The 
square root of the result will be taken (result raised 
to the 0.5 power), multiplied by N, and the final 
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value will be stored in the variable B. 

No doubt you have noticed that the left and 
right arguments used in the header, as well as the 
name of the returned result, are all “dummies.” 
Within the body of the function, these names must 
be used consistently, but when the function is 
called, any valid expressions will serve as 
arguments. Validity here refers not only to APL 
syntax, but also to the requirements set by the 
definition of the function. That is, if the function 
expects the left argument to be literal and the right 
argument to be an array of integers of rank three, 
any deviation from these requirements will cause 
execution to stop as soon as an illegal operation is 
attempted. 

Note also that no reference is made to the local 
variables when calling the function for execution. 
Local variables have no effect upon like-named 
variables in existence when the function is entered 
or after execution of the function. In fact, when one 
function calls another function, local variables in 
the calling function will appear as globals to the 
called function unless its header declares the same 
names are to be used for its own locals. Such names 
serve more for efficiency than utility. If you don't 
use local variables in the header all variable names 
that appear in the function, except the arguments 
and assigned result, will be treated as global 
variables. There is nothing wrong in this, but global 
variables add to the permanent burden in your 
workspace. There is also something called a sym- 
bol table that contains all the names you use, local 
as well as global. By using locals with the same 
names in different functions wherever possible, you 
reduce both of these loads and help avoid two rather 
unpleasant messages: “workspace full" and sym- 
bol table full.” 

All names used in a header statement must be 
different, but this does not apply to the expressions 
that call a function. For example, 


E — F BLEEP E 


will use the current values of the variables E and 
F on entering the function and, on leaving, store 
the final result in E, replacing its original contents. 

The simplest possible form for a header state- 
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ment is 
v GT2XV 


where there are no arguments, no explicit result, 
and no local variables. This function will do its thing 
whenever the user enters GT2XV. Between these 
two extreme forms for a header are all the various 
possibilities that can be constructed from the three 
considerations. 

1. How many arguments (0, 1, or 2)? 

2. Is there an explicit result? 

3. Are there any local variables? 
The answer to the first question determines how 
the name of the function will appear in the header 
as well in any expression to execute the function: 


NAME 
NAME ARG1 


or 
ARG2 NAME ARG1 


The second question determines whether an assign- 
ment is to appear in the header (g RESULT ~...) 
and whether the call statement can use the name 
of the function as if it represented a (numeric, 
literal, or logical) value. As we have seen, the third 
question has no effect on the statement that calls 
the function for execution. 


WORKING IN DEFINITION MODE 

After you have entered the header statement, 
the computer will say it is in definition mode by 
displaying [1]at the beginning of the next line. The 
next move is yours, and the signal telling you this 
will probably be a blinking cursor on your display 
screen immediately following the right bracket. On 
the same line, you must now enter the first state- 
ment of your function. When that is done the com- 
puter will display [2] and this process will continue 
until you enter a del character, either by itself or 
as the last character of a statement. Definition mode 
ends, at that point you are again in execution mode, 
and the function just defined is available for ex- 
ecution. 


While in definition mode, it is easy to make typ- 
ing mistakes and equally easy (or nearly so) to cor- 
rect them. But the ways this might be done vary 
with the capabilities of different APL implementa- 
tions. Most systems have the old ''del-editor"' as 
well as newer, display-oriented, full-screen editors. 
In any case, you'll find there are ways to insert and 
delete as well as change statements in a function. 
And, as the term edifor suggests, after defining a 
function, you can get back into definition mode to 
make changes. 

This is done by typing the del character 
followed by the name of the function without any 
other header information. In entering the del-editor 
this way, the computer will assume you want to add 
new information to the bottom of your function, 
so the next available line number will appear in 
brackets and you'll find yourself back in definition 
mode. If you reenter definition mode by typing the 
del character, the function name, and then a 
bracketed quad symbol, so: 


À function name [01 


the entire function will be displayed, followed by 
the next line number in brackets, and a blinking 
cursor waiting for you to continue the definition. 
By including a line number inside the brackets 
before the del, you tell the computer to display that 
statement alone and then go into definition mode 
at that same line number, allowing you to alter or 
reenter the line as described. Of course, you need 
not do so; you might type some other bracketed in- 
formation to display or move to another part of the 
function, or simply enter another del to return to 
execution mode without changing anything at all. 

Typing a del before and after this kind of 
statement: 


A function name [6 U] v 
causes the indicated line to be displayed, while 
A function name [O] v 


displays the entire function. In either case, after the 
display is complete, execution mode is in effect! It 
works as though the first del takes you into defini- 


tion mode and the closing one takes you out. 

Clearly, we can't go into all the mechanical 
aspects of defining and editing functions here with- 
out choosing a particular system for demonstration. 
But you will find such information readily available 
when you have access to a system, and it is easily 
and quickly learned. Of far greater importance for 
what follows are logical considerations that arise 
when you define functions, and to these we must 
now turn. 


BRANCHING AND LABELS 


In execution mode, we can only tell a computer 
to do things in sequence: do this, now do this, etc. 
The main reason for the existence of functions is 
to permit a collection of previously entered 
statements to be executed with a single command. 
But within a user-defined function, we also need the 
ability to break the ordinary step-by-step sequence 
of operation. This requires that we be able to di- 
rect the computer to execute a line of code other 
than the very next one in the function; we introduce 
the right arrow (—) branch symbol. 

The most direct way to force execution to 
deviate from the sequential path is with an expres- 
sion of the form 


-n 


where » is the (unbracketed) line number of the 
statement to be executed next. But forget it! It is 
too easy to overlook such a statement when you edit 
a function, inserting or deleting lines so as to cause 
the remaining lines, including the one to whìch you 
want to branch, to be renumbered. You might even 
trap yourself in an infinite loop: 


16] — 6 


Statements can be labeled in order to avoid this 
problem. Labels have characteristics much like 
those of local variables (actually, local constants), 
so you must choose names for labels that don't con- 
flict with any existing variable names. They will 
appear in your programs in just two ways: 


1) To label statements 
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2) As the destination fo branching in- 
structions 


A label is set off from its statement by a colon: 
LABEL: X — X - 2 


Clearly, renumbering the lines after editing the 
function will not effect the label or the statement 
that branches to it: 


— LABEL1 


but branching statements are not restricted to such 
a simple form. 

Any expression can be the argument of a 
branch symbol as long as it yields a label within the 
function or a numeric vector which is either null 
or has an integer as the first entry. Labels might 
appear as elements of a vector in an expression such 
as 


- (CALC, SETUP, 0, ERROR) [J] 
or 


— LOGVEC/CALC, SETUP, ERROR. 


In the first example, if J is zero execution will take 
us to the statement that begins with 


САС +. 


Tf J were equal to two, the statement would effec- 
tively be 


— 0 


This is taken to mean that execution of the func- 
tion is complete and the computer is to procede 
from the point where this function was called. A 
branch to any integer outside the range of the line 
numbers in the function will have the same effect. 

In the second example, LOGVEC is a logical 
vector (all ones and/or zeroes) and the first label ap- 
pearing in the compressed result is the cone used. 
If LOGVEC contains only zeroes, the compression 
yields the empty vector. This is the same as~:0 and 
means that the very next statement should be 
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executed—no branch at all! Contrary to what you 
would expect, this is not the same as a right arrow 
with no argument following it. The statement con- 
taining the single symbol, — , commands an im- 
mediate halt to execution, as though the conductor 
put down his baton and walked away! 

Another kind of branch—the Hamletic (to 
branch or not to branch)—frequently will appear in 
the demonstration programs of later chapters: 


— (condition) | LABEL. 


If the condition is true, its value equals one, and 
the branch occurs. If the condition is false, the zero 
take causes a branch to the empty vector which we 
saw above is no branch at all. There will be occa- 
sions when the branch should be taken only if the 
condition is false. For that situation we can use 
either 


— (condition) | LABEL 
or 


— (condition) | LABEL. 


EXECUTE 


You are now aware that APL statements pro- 
duce results that are either numeric or literal. Even 
the empty vector is either numeric (io) or literal (). 
Yet, in user-defined functions, we can make good 
use of two powerful operators to convert from one 
form to the other in surprising ways. The “b” is 
used monadically to execute a literal scalar or vec- 
tor argument, just as if that argument were an APL 
expression. This requires that the argument can in- 
deed be evaluated to form a legitimate expression. 
For example, 


À A-8' 
is totally equivalent to 
А-В. 


But suppose A is the literal vector SCALE and В 
is the numeric vector 0 2 4 5 7 9 11. The ex- 
pression: 


ФА, '- в’ 


catenates the literal string 'SCALE' to the string 
' - В’ and then executes the complete expression 


SCALE - B 


effectively creating the variable named SCALE con- 
taining the same numeric values as the vector B. 

More complex expressions can decide just what 
is to be executed based on some conditional rela- 
tion between variables. 


R-43-5[([- J]!'A + А AB 


will calculate the sum of A and B if I and J are not 
equal. This is true because the bracketed quantity 
1= J evaluates to zero, selecting the 3 from the two- 
element numeric vector, and then taking the first 
three elements from the literal vector for execution. 
This results in the expression R — А + B. If I does 
equal J, the last five entries in the literal string are 
executed, so that R is get to the sum scan of A 
catenated to B. 

In our programs we will make use of this ex- 
tremely powerful (and equally dangerous) ex- 
pression: 


i 


This says, "Execute whatever the user enters.” 
The obvious danger lies in the ease with which one 
cantype an APL solecism, causing the program to 
stop and display an error message which the user 
may not understand if he is not the programmer. 
Actually, we will set a variable equal to quad-quote 
(Х--П ) and, after examining X for certain special 
characters, decide whethr or not to execute X (Ф X). 

Newer versions of APL have a system function 
(O EA) which acts as a dyadic execute function. 
The right argument is used exactly as with the. 
operator. But if an error occurs, instead of stopp- 
ing with an error message, the program executes 
the alternate left argument! (The “EA” stands for 
execute alternate.) Only if the left argument is also 
in error will the program stop. 


FORMAT 
When used monadically, the F symbol 


transforms a numeric argument to a literal one with 
exactly the same appearance. It leaves literal 
arguments unchanged. The statement 


"З times 4 equals ', (P3 x 4), . 
will cause the following line to be displayed: 
3 times 4 equals 12. 


If A were the array 3 4 g: 12 and В was set to Y 
A, both arrays would print as: 


5 ч 3 
4 5 6 7 
8 9 11 


But, while the shape of A is 3 4, the shape of B 
would be 3 12 because each number is “formatted” 
to match the spacing in the original (numeric) array. 

When used dyadically, the right argument of 
this function must be a numeric array. The left 
argument may take on various forms, depending 
on the system being used, in order to give you 
precise control over the way the right argument is 
to be displayed. In newer systems, the left argu- 
ment can even be literal so as to describe 
graphically how the numbers in the right argument 
are to be formatted. As such, this is a far more 
useful tool for an accountant than a composer, so 
further elaboration will be given only if needed in 
any of the musical examples. 


TRACE AND STOP CONTROL 


Too often our most carefully planned programs 
don't behave exactly as we expect, and we must 
face up to the task of debugging them. Suppose that 
in such a misbehaving program a function named 
GENER8 is suspect. An expression such as 


T AGENERB8 — 3 4 12 17 


establishes a special tvace-vector containing the in- 
tegers resulting from the expression following the 
assignment arrow (here, 3 4 12 17). These should 
correspond to line numbers in the function. After 
this vector is defined, the function can be executed 
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in a normal way. But as each of those particular 
lines in the function is evaluated, the line number 
and the value(s) resulting from the corresponding 
expression will be displayed: 


GENERB8[3]7 
GENERB[4] 0 0 1 0 
GENER8[12] G B Ct D etc. 


By resetting the trace-vector to zero or iota zero, 
tracing can be removed. 

Although the trace vector appears to be an or- 
dinary variable, it is not. The form T À NAME can 
only appear to the left of an assignment arrow, but 
can be used within functions as well as directly in 
execution mode. It cannot undergo any sort of test 
that could be applied to regular variables. 

The stob-control has identical attributes. Its 
form differs only in the leading character being S 
instead of T: 


SAGENERS — expression. 


During execution, when a line number is reached 
that exists in the stop vector, that line number is 
displayed and execution stops before that line is ex- 
ecuted. For example, if the expression contained 
a 6, when that line was reached, we would see 


GENERB8[6] 


and the computer would wait to execute any com- 
mands we enter. At this point, we could examine 
the values of any variables—even local variables, 
because we are in execution mode within that func- 
tion. We might ask to see the expression con- 
stituting that line of the function: 


AGENER&[6 O ] v 


and then execute parts of that expression 
“manually” to see what's causing our problems. 

To return to execution from the stopped state, 
we enter a branch statement to take us right back 
into the code. In this case, ~6 or — L1 LC would 
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resume execution at line six. (Quad LC is a system 
variable—the line counter—pointing to the number 
of the line most recently set for execution.) Of 
course, we could branch to some other line or even 
branch out of this function. And, as with the trace 
vector, stop control can be removed by setting the 
vector to zero or empty. 


STATUS INDICATOR 


When execution is halted, either because of 
stop control or an error in a statement, you can 
display the "status indicator” to see where the pro- 
gram is stopped and how it got there. That is, sup- 
pose an error occurs and execution stops with the 
message 


VALUE ERROR 
773] TM — BI; COH 


"The message and caret indicate that values have 
not been assigned to the object named LCO, so the 
program cannot execute the third line of the func- 
tion, ZZ. Now, if you enter 


)81 
а display of the following sort will appear: 


22131 
GET) 
CUTOFF[11] 
STARTI6] 


This shows that statement number seven in the 
function named GETL called the function ZZ and is 
waiting for that function to complete its task. 
Similarly, execution of the function CUTOFF is 
pending at its eleventh line for completion of GETL. 
And CUTOFF was called by the sixth statement in 
the very first function of the program, START. Such 
information should refresh the programmer’s mem- 
ory concerning where in the sequence of events the 
variable LCO should have been assigned values. 
While the halt is in effect, you can examine the 
various functions, 


AGETL[ О ]v 


and even execute these or other functions. 

With care, you can also make changes in various 
functions or variables. For example, you may see 
that you simply forgot to initialize the variable LCO. 
Then you could enter the statements: 


LCO 73490 
=з 


Execution will then resume until another stop oc- 
curs or until the program runs to completion. Sup- 
pose however, you changed something in the 
program while it was halted in such a way that the 
computer's internal bookkeeping on the sequence 
of events was no longer valid. That is, if instead 
of the direct initialization of LCO you had entered: 
922[2.5] LCO - 3400 Ç 
thereby inserting this statement just before the one 
that caused the error report, another message 
would appear: 


SI DAMAGE 


This says that the existing pointers to lines in the 
functions are no longer valid so that execution can- 
not resume. The status indicator must now be 
cleared either by entering a solitary right arrow or 
by reloading the workspace. 

By executing other functions while one is 
halted, you could cause other stops to be en- 
countered. If this happens, the) Sl list will be 
lengthened. The most recently halted function will 
appear first, marked with an asterisk, and followed 
by the functions pending its completion. Im- 
mediately following these will be the next halted 
function (with an asterisk) followed by its pending 
functions, and so on. Before any lower-level execu- 
tion may be resumed, the ones above it in this list 
must be completed or cleared with the right arrow. 

A workspace can be saved with halted func- 
tions so that, on reloading, you are back at the point 
where the stop occurred. This is a convenient way 


to carry out a long session. It is also an easy way 
to cause perplexing problems if you forget that 
there are halted functions; local variables that are 
in effect will "shadow" globals with the same 
names, so that variables whose values you wouldn't 
think to question can make your computer appear 
to have gone crazy! 


SYSTEM FUNCTIONS 


There are a number of system functions which, 
like system variables, begin with the quad symbol. 
While most of them are quite useful, only the three 
that can be used directly to create or annihilate 
functions will be mentioned here. 

The canonical representation function (O СА) 
can duplicate a function in the form of a literal ma- 
trix. If we set: 


М-П CR FNM’ 


then M will be a character array that looks just like 
a listing of the function named FNM, except that 
the leading and trailing del symbols and the line 
numbers will be missing. 

An inverse function to quad CR is the fix func- 
tion (O FX). Suppose, after executing the above 
expression creating M as the canonical represen- 
tation of the function FNM, we altered M in some 
way. If we then enter 


К-П FXM 


the contents of M will be copied back into the form 
of a function. Assuming we did not alter the name 
FNM in the first row of M, the function FNM will 
be replaced by the form it now has in M, and K will 
be set to the literal vector ‘FNM’. Had we changed 
the name in М[0;], a new function would be created 
with the new name, and K would be set to contain 
that name as a literal vector. If for any reason the 
matrix cannot be converted to a legitimate function, 
K will be set to the index of the row in M that con- 
tains the problem. 

The last system function to be mentioned here 
is expunge (ГІ EX). This function will remove 
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variables or functions (that are not halted functions) 
from the workspace. The expression: 


K~ DEX FNM’ 


will try to erase the object named FNM. If suc- 
cessful, the value one will be returned in K, other- 
wise K will equal zero. If NAMES is a literal matrix 
containing one variable or function name in each 
row, the statement: 


П ЕХ NAMES 


will return a logical vector in which the ones and 
zeros apply to the corresponding rows of the ma- 
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trix, signalling whether or not the named item in 
each row was successfully purged from the 
workspace. 

There is no reason why a matrix can't be 
created by a function so as to serve as a canonical 
representation of a new function. The function that 
creates the matrix can fix it (FX), execute it, and 
then expunge it! This is a rather sophisticated tech- 
nique, and I close this discussion on such a note just 
to point out that, as in any natural language, al- 
though the vocabulary is finite, there are no limits 
to the number of things that can be said or to the 
number of ways any one thing can be said. 


Of the three primary components of Western 
music—rhythm, melody, and harmony—rhythm is 
the one most readily represented in a formal 
framework of numbers. Standard musical notation 
attempts to provide a representation through sym- 
bols, but it has unavoidable deficiencies because or- 
dinary symbols don't carry the well-defined logic 
of the symbols we call numbers. 


MUSICAL NOTATION 


As a quick refresher for those who haven't dealt 
with this subject since grade school, we can 
describe the system in use in terms of circles and 
lines. To begin, we define an open circle (c) to have 
the value one, and call it a whole note. By attaching 
a vertical line 


J = f 
we reduce its value by half (to one-half) so that a 


half note fills a duration half as long as a whole note. 
Some temporal unit is arbitrarily chosen for 


reference so that the values one and one-half are 
in some way made relative to that selected unit of 
time. 

Now, by filling in the circle, we reduce the 
value by half again, so that 


jet 
are called quarter notes. From this point on, the halv- 


ing process continues by adding short lines to the 
vertical line: 


À equals an eighth note 
À equals a sixteenth note 


and so on. A sequence of such notes is extremely 
difficult to read unless they are grouped together 
so that the individual beat durations stand out 
visually. This is the same situation pointed out in 
connection with binary numbers; four groups of 
four bits can be grasped mentally with ease, while 


49 


Fig. 7-1. Two measures containing identical musical information. The second bar is easier to read because the notes 


have been grouped to show the three beats. 


an unbroken sequence of 16 binary digits is as legi- 
ble as asentencewithoutspacesbetweenwords. 

By way of demonstration, the two measures 
shown in Fig. 7-1 have exactly the same rhythm. 
Only in the second measure are the beats and their 
subdivisions obvious. In measures such as these, 
that are to have three beats, instead of letting a 
whole note occupy one bar and defining a symbol 
to represent a “third note" which would fill each 
beat duration, we declare the meter by writing a “3” 
over a “4” (3 x 1/4) and call this three-four time, 
meaning there are three beats in a measure and a 
quarter note fills one beat. Though correct, we 
would not say the duration of one measure is three- 
quarters of a whole note. Describing the meter in 
this way, and then applying some temporal 
reference unit to a whole note (e.g., o = 1.74 
seconds), simply because that note has the value 
one, may be logical, but it's most inconvenient. In- 
stead, a tempo is assigned in terms of a beat fre- 
quency. The notation 


J -138 


implies a tempo of 138 quarter notes per minute. 

Ironically, the primary deficiency in this system 
relates not to the number one as the value of a 
whole note, but to the number two as the only im- 
plicit divisor relating one symbol to another. Dura- 
tions of odd length must be expressed by "tying" 
notes together. For example, 


ل 


has the duration of three quarter notes, while 


412 
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is the equivalent of three eighth notes in duration. 
An abbreviated form using dots makes these par- 
ticular values easier to write: 


Ja J. 


are equivalent to the two cases above because a dot 
increases the value of a note by half its ordinary 
(undotted) value. But this is a half-hearted attempt 
to supply the missing values in such a system. 
There are no unique symbols for durations such as 
a third, a fifth, a sixth, a seventh, a ninth, etc. 

A feeling of subdividing beats by three rather 
than two can be imparted through the use of meters 
with six, nine, twelve, etc. beats іп a measure. 
Notice, a bar of three-four time and a bar of six- 
eight have the same number of eighth notes (Fig. 
7-2) but in the first measure we feel three beats 
equally divided in two and in the second we ex- 
perience two beats divided in three. When the up- 
per number in the time signature is divisible by (but 
not equal to) three, we are dealing with a compound 
or triplet meter and usually we group the notes as 
shown in threes. The misleading number of beats 
announced by the time signature reflects the 
restricted use of numbers in this symbolism. When 
we try to say there are two beats in a bar and three 
eighth notes get one beat, we need to recognize this 
is 2 x 3/8, or 6/8. 

À more insidious problem can be traced to the 
fact that aural taste is as susceptible to addiction 
as oral! When a composer grows accustomed to us- 
ing triple meters, he begins to “need” groups of 
three subdivisions in a beat as much as he does two 
or four. And when composers first found they could 
freely mix double and triple meters mentally and 
instrumentally, a way had to be found to do so sym- 
bolically. The solution was to introduce so-called 
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Fig. 7-2, Two measures with different meters but with the same attacks and durations. 


"artificial groups" to account for these quite “nat- 
ural" rhythms. Thus Mozart was able to write 
rhythms such as the one shown in Fig. 7-3. Here, 
the digit 3 under a group of three notes indicates 
they are to occupy the same duration as an ordinary 
group of two such notes. Until recently, there had 
been so little experience with quintuple and septu- 
ple meters that practically no consideration has 
been given to the need for distinguishing between 
groups of five in the time of four and five in the 
time of three or between seven in the time of six, 
or in the time of five, or four, or three! 

À notation system, like a written language, 
should let a composer express anything he wishes. 
But, what a composer wishes to say depends on his 
ability to think deeply in that "language," and to 
express his thoughts as simply as possible in 
“writing.” Idiomatic phrases, common expressions, 
and cliches tend to form the major part of every- 
day conversations musical as well as verbal. 
‘When something new is said, it often requires ex- 
tended explanation. 

А common musical idiom is jazz, and the con- 
ventional notation system is used "'idiomatically'" 
in jazz. That is to say, when a composer writes a 
rhythm such as the top line of Fig. 7-4 for a jazz 
musician, he expects (and usually gets) something 
closer to the one on the bottom line. If he were to 
write the first form for any of today's computers 
that "read" music, he would be most disappointed 
by the performance. 

А common musical expression is shown in the 
first bar of Fig. 7-5 but not so common is the sec- 


ond measure. There is no way to explain such a 
rhythm other than by playing it repeatedly until it 
makes sense to the listener. All rhythms based on 
what are called “rational numbers" are inherently 
“sensible” but, until now, composers had to 
discover new rhythms the hard way—i.e., by learn- 
ing to hear and play them without benefit of an in- 
structor. Composers, musicians, and ordinary 
listeners are all strongly influenced by their musical 
experience, and musical experience is anchored to 
the notation system. So here we have a “negative 
feedback loop" that tends to discourage discovery 
and acceptance of anything that has not been writ- 
ten in this system or cannot be so written. Today, 
rhythms can be described in ways that will let a 
computer "explain" them! As proof, I will present 
a program that can be run on certain computers to 
play any rhythm you can conceive. But before do- 
ing so, I must introduce someone who laid the 
groundwork for all that follows. 


THE WORK OF JOSEPH SCHILLINGER 


Some two decades B.C. (before computers), 
Joseph Schillinger was teaching artists and musi- 
cians a methodology which is quite applicable to 
computers and synthesizers today. In fact, his 
soundness of mind was often in question because 
of his insistence that the day was not far off when 
machines would be able to compose and perform 
music and plot“ works of art. Of course, at that 
time his methods could not depend on such devices. 
His fundamental axiom stated the need for 


1 — رق ق‎ Ka 


Fig. 7-3. Mixing double and triple meters through the use of artificial groups. 
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À J 


2 


TH, AA 


pa M 


J 4M s La 


Fig. 7-4. The first line shows a rhythm written for jazz performance, while the second illustrates how it probably would 


be interpreted and played. 


“regularity and coordination” in works of art, and 
his theories were based on the use of “natural 
numbers" (meaning integers) in order to achieve 
them. From this developed his ''Theory of 
Rhythm."! 

The rhythm shown in the first bar of Fig. 7-6 
can indeed be expressed as the sequence of integers 


42211114 


where each number represents a duration in units 
of a sixteenth note. That is, 1 implies one sixteenth 
note, 2 implies an eighth note, 3 implied a dotted 
eighth, 4 implies a quarter note, 5 implies a quar- 
ter note tied to a sixteenth, etc. We can also ex- 
press this sequence in a way that groups the 
Subunits in terms of (quarter note) beats: 


1(4) 2(2) 4(1) 1(4) 


Here, we see two "rhythms," the original rhythm 
of durations, and a rhythm of attacks (1 2 4 1). 
But, to increase our faith in Schillinger's asser- 
tion about the adequacy of integers to express 
“regularity,” let's consider a truly pathological 
case—the second measure of Fig. 7-6. The first note 
here is clearly one eighth. A little thought will show 
the next three are “twelfth” notes (because 12 of 
them would equal a whole note). This same sort of 
reasoning shows the next artificial group has five 


1]. Schillinger, The Schillinger System of Musical Composi- 
tion. New York: Carl Fischer Inc., 1946. The Mathematical 
Basis of the Arts. New York: Philosophical Library, 1948. 
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"twentieth" notes, and the last has seven "twenty- 
eighth" notes. Had Schillinger settled for rational 
numbers rather than integers, we could be satisfied 
now by expressing this rhythm as: 


1/8, 3/12, 1/8, 5/20, 7/28. 


But for an additional step to prove that an integer 
representation exists, we need only put all these 
fractions in terms of a lowest common denominator. 
That denominator is then our unit and the 
numerators are the integers that validate Schill- 
inger's claim. After a bit of multiplication, I find 
this rhythm to be 


105 70 70 70 105 42 42 42 42 42 30 30 30 30 
30 30 30 


in units of one 840th of a whole note. Using coeffi- 
cients that show an attack rhythm, we have 


1(105) 3(70) 1(105) 5(42) 7(30) 


where the groups themselves have durations 1 2 
122 in eighth-note units! 

The point to be made of all this is more subtle 
than the fact that the temporal forms of regularity 


ELE LA 


Fig. 7-5. The first measure is a common rhythm using 
quarter-note triplets; the second measure shows an unusual 


i — М5, М7 


Fig. 7-6. The first measure shows the rhythm of durations 4, 2 2, 1 1 1 1, 4. The second represents the rhythm 105, 3(70), 


105, 3(70), 105, 5(42), 7(30). 


we call rhythms can be represented by integers. Of 
greater significance is the idea of equating a rhythm 
with a string of numbers. This extends the notion 
of rhythm in a remarkably firm way into dimensions 
other than time. That is, just as attacks can replace 
durations as the basis for a rhythm, so can any other 
countable or measurable quantities. Thus we can 
describe rhythms of length, angle, pitch, and so on. 

An interval rhythm based on the original se- 
quence of durations, 4 2 2 1 1 1 1 4, would be (C) 
E Fx Ab A Bb BCE. Here, measurements are made 
in semitones beginning with the reference pitch in 
parentheses. We might superimpose a directional 
rhythm on this, requiring successive intervals to be 
measured two upward, one downward, two upward, 
one downward, etc., producing the result: 


(C) E FK E F FK F Ff Bt Ft Ab Bb A Bb B Bb 
БЕРЕ СЕС... 


In effect, we've superimposed а ryhthm of “+ + —” 
on “42211114” giving the resultant sequence: 


42-211-114, -422 -1... 


The three-element rhythm of signs will need to be 
repeated eight times, and the eight-element inter- 
val sequence three times in order for the two to 
“соте out even." But even then, the pitches pro- 
duced may not have cycled back to the starting 
point, so the whole rhythmic pattern could repeat 
and still generate “new” material. 

À further step in the direction of increasing 
abstraction would take us from measurements (in- 
tervals) to scale entries themselves. The entries in 
a scale can be markings on a ruler or other measur- 
ing device; a sequence of colors, shapes, or sizes; 
or in the case of music, the notes in any pitch scale 
or tuning system. Using the tuning scale 


our "rhythm" (42211114) becomes 
ED D Ci CU E 


Just as we can measure or count with a scale, 
we can enumerate and even order the kinds of 
scales we use. And once more, scale should be 
interpreted in its broadest sense. Frequently, the 
spatial directions x, y, and z, which normally 
measure from east to west, south to north, and ver- 
tically upward, are numbered 1, 2, and 3 by 
mathematicians. A scientist working in "ther- 
modynamic space” might replace those “normal” 
measurements with pressure, volume, and 
temperature. In this sense, a composer works in 
musical space with scales of pitch, time, volume, 
timbre, and so on. A generalized abstract space may 
also include mathematical, physical, and logical 
operations as directions! Specifying a point in such 
a space by coordinates (2, 3, 4, 7) might mean: 
Move the given object two units to the left, rotate 
it through an angle of three units about some 
predefined axis, put it in orientation four (inverted 
perhaps,), and paint it color seven (mauve). For our 
purposes, such coordinates could be input 
parameters (arguments) to successively executed 
logical operations (APL functions), or even indices 
denoting which functions are to be executed. 

This is a nutshell description of Schillinger's 
Theory of Rhythm. The way he extended it to in- 
clude “space” in a totally abstract sense, allowed 
him to apply it as the fundamental theory upon 
which he could build “theories” of all other com- 
ponents of art forms. In this chapter, I have no in- 
tention of being so ambitious. The idea of rhythm 
that generally comes to mind when one speaks of 
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"patterns in music" is generally the naive one 
associated with instruments of percussion. Here, 
I will nof take the notion far beyond this jaded level. 
Remember, I am trying to restrict the discussion 
so as to apply to the idiom of the musical theater. 
However, because that idiom deals with words as 
well as music, there are some surprises in store. 
When we begin to program rhythmic patterns, our 
rhythmic naivete and the shallowness of our sub- 
conscious ideas about rhythm become painfully 
clear. As we become proficient in recognizing 
rhythms, we will be astounded by the masterfully 
intricate patterns we use in ordinary speech. It may 
be the case that our musical culture is evolving 
rhythmically to make use of the abilities we have 
already developed in using language. But before 
getting into this, let's consider Schillinger's treat- 
ment of rhythms of duration and the program I pro- 
mised to show for producing rhythms directly with 
a computer. 


SCHILLINGER'S 
RESULTANTS OF INTERFERENCE 
Schillinger may have overstressed the impor- 
tance of “interference patterns” in his theory. His 
algorithm for generating them required pencil, 
graph paper, and much tedium. In fact, there seems 
a proportionality between this tedium and the im- 
portance he placed on the resultants of interference. 


One wonders whether he would have given them 
such weight if he had had a computer and the sim- 
ple algorithm shown in the APL functions listed in 
Fig. 7-7. 

For example, to find the resultant of in- 
terference between the numbers 5 and 3 using his 
geometric method, you would construct three 
lengths five units long directly above five lengths 
of three units and then project downward from each 
endpoint of all the lengths and measure the 
resulting intervals, as shown in Fig. 7-8. 

To use the computer algorithm directly in APL, 
you would simply enter on your keyboard, 


RSLTNT 5 3 


Almost immediately two lines of output would be 
displayed: 


3213123 
2 1111 


The first line contains the same durations derived 
by the geometric method (the intervals between 
endpoints), and the second line shows the number 
of "generators" simultaneously "attacking" each 
duration. To appreciate what I mean by tedium, try 
finding the resultant of three or four numbers—say 
9 to 5 to 4— geometrically, and then type RSLTNT 


v Z*RSLTNT V;ATTK;I;R 
Ze((pV),x/V)p 160 

L1:ZEI; ]€CX/VD p1, Ie 
ЭС (РУ) Теж) + 
ReINTCENv/[0] 2014%14%%/У/(01 Z 
Z*R,[70.51COZATTK) /ATTKe*/[03 Z 


v 


v ZeINT V 
[E11 Ze(í+V)- +V 


° 


Fig. 7-7. The APL functions RSLTNT and INT compute Schillinger's resultants of interference. 
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Fig. 7-8. Graphic construction for finding the resultant of interference between five and three. 


9 5 4 for comparison. Of course, only if your com- 
puter has this algorithm will the comparison run to 
completion and the 84 durations be fired back at 
you along with the attack numbers for each dura- 
tion. When you spend an hour or so geometrically 
deriving a single rhythm, it is only natural for your 
results to assume a value commensurate with your 
efforts. In that same time you might use a computer 
to print reams of resultants and then find each one 
as precious as any randomly chosen telephone 
number from the directory. 

Personally, I have found resultants of great 
value for teaching myself to “hear” and perform 
them directly as artificial groupings. For example, 
9:5:4 would appear in common (4/4) time as shown 
in Fig. 7-9. But now there is an easier way! 


RHYTHMS BY COMPUTER 

We will now devise an algorithm for con- 
structing multipart rhythms of any complexity. The 
results of the algorithm should then serve as input 
toa computer that can play single notes of any pitch 
and duration (within reasonable bounds). For in- 
put to the algorithm, we want to specify a single 
duration—the time in which each of the rhythms 
to be specified must fit—followed by any number 
of attack patterns representing the rhythms. These 
rhythms can actually be “played” for input by us- 
ing one hand on one key for the attacks and the 
other hand on another key for the rests. The idea 
here is for the user to construct rhythms made up 
of "regular" parts that can be expressed fairly 
easily, but which, when played together, form a 


complex rhythmic pattern. 
As a trite example, we would like a dialog of 
the following sort: 


Computer: Enter total time 
User: 1 «carriage return > 
Computer: Enter rhythm £1 
User: X «cr» 

Computer: Enter rhythm 42 
User: ХХ «cr» 

Computer: Enter rhythm #3 
User: XXX «cr» 
Computer: Enter rhythm £4 
User: «cr» 


By giving the computer a null entry (carriage re- 
turn only), the user signals that all subrhythms have 


Fig. 7-9. Resultants of interference are useful for learning 
to “hear” and perform rhythms such as this, where the 
generators are 9, 5, and 4. 
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Input 


PPP 


Fig. 7-10. Three inputs (X, XX, and XXXX) would be inter- 
preted by the computer as notated under "Input," and 
played as shown under "Result." 


been stated and the computer is now to play them 
simultaneously. Each successive subrhythm should 
sound at a successively higher pitch, and, where 
more than one attack occurs simultaneously, only 
the lowest pitch, corresponding to the earliest in- 
put rhythm, should be played. To perform the 
above example, the computer would play the result 
shown in Fig. 7-10, repeating this continuously until 
interrupted. 

Of course, our purpose is not to work with such 
common forms. Even the resultants of interference 
offer little challenge here. For the resultant of five 
tothree, you would enter three X's on one line and 
five X's on the next. The real rhythmic revolution 
begins when you ask to hear something like a four- 
beat background against which a higher pitch is 
playing as in Fig. 7-11. The background rhythm 
would be expressed as “ХХХХ” but the subrhythm 
in 5/4 time has to be broken down to: 


X00000X000X000X000X00X00X00000 


That is, each of the five beats must be thought of 


Fig. 7-11. A 5/4 rhythm played against a strict 4/4 
background. 
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as assemblages of six units to allow all the attacks 
to be given precisely. The first quarter note re- 
quires an attack (X) followed by five nonattacks 
(0's) to account for the six units per beat. The 
quarter-note triplets each occupy one third of two 
beats or four units (X000). The eighth notes take 
three units (X00), and the last quarter, like the first, 
requires a full six units (X00000). (It's easier to 
"play" this for input than it is to count the 
keystrokes.) This is the sort of rhythm a composer 
might “dream up" but wouldn't dare expect anyone 
to perform—until now! 

The algorithm in APL, up to the point where 
performance is to begin, could be written as it is 
listed in Fig. 7-12. The monadic function RHYTHM 
is to be called with a single alphanumeric character 
as the right argument. Entering 


RHYTHM Х' 


means that rhythms will be expressed as strings of 


V RHYTHM ATKSYM;IiK 
F<A+10 
‘ENTER TOTAL TIME! 
7+0 
1+1 

L1: ENTER RHYTHM ',sI 
кеп 
(oe, X) 2 
K«K=ATKSYM 
ACA, K/ (ар,К)хТ+р,К 
Ғ<Е,(%/К)р110х1х2 
I<I+1 
>L1 

L2:>(0epF)+0 
KA 
Ke(Kzip,K)/K 
A<A[K) 
F«FLK) 
K 
A ALK] 
FeF[K] 
р=((1+А),Т)-А 
v 


Fig. 7-12. The RHYTHM function collates separate rhythms 
into a complex whole. 


symbols in which X's specify attacks and any other 
symbols (including spaces) mark time units of the 
same duration that are not attacked. The header 
statement shows the attack symbol will be called 
ATKSYM within the program, and I and K are 
declared as local variables. The statements in the 
body of the function serve as listed below. 


[1] À frequency vector, F, and an attack vec- 
tor, À, are initialized as empty vectors. 

[2] The user is asked to enter a number 
representing the total duration in seconds for the 
rhythms that are to follow. 

[3] The user's entry is taken by the variable, 
T 

[4] A counter, I, is initialized to one, mean- 
ing the first rhythm is about to be requested. 

[5] The user is asked to enter the Ith rhythm. 
(Notice, the user is not expected to think in terms 
of index origin zero!) 

[6] The variable named K accepts the literal 
string entered by the user to represent a rhythm. 

ІП If K is found to be the empty vector (shape 
equals zero), the user has entered only a carriage 
return signalling there are no more rhythms, so the 
program is to branch to the statement labeled L2. 

[8] The vector, K, containing the user's 
rhythmic string, is converted to logical form show- 
ing attacks with ones and durations that are not at- 
tacked with zeroes. 

[9] The total duration, T, divided by the 
number of units in the rhythm (o, K) gives the dura- 
tion for each unit. The instant of time at which each 
unit duration begins (starting with zero) is found 
by multiplying the vector 0123... by that unit 
of duration. Compression by the vector K will then 
leave only the starting times of the units that are 
attacked. So, for every rhythm defined, the attack 
vector À has appended to it the times at which at- 
tacks occur (relative to a reference time of zero). 

[10] Because K now expresses the last 
subrhythm that was entered as a logical vector, the 
number of attacks in that rhythm is +/K (the total 
number of ones). So, for each attack in the rhythm, 
the Ith harmonic of A below middle C (220 Hz) is 
here appended to the frequency vector. Notice that 


A and F will have the same number of entries, and 
corresponding entries show the time of an attack 
and the pitch frequency to be played at that time. 
Incidentally, I had originally chosen a fundamen- 
tal frequency an octave lower (110 Hz), but, after 
hearing the tone color of the notes generated by the 
computer, the factor of two was added. In a more 
elaborate program, the user could specify a pitch 
pattern to accompany each subrhythm. 

111, 12] The counter for the rhythms is in- 
cremented and we branch back to statement 
number five (labeled L1) to process the next 
rhythm. 

[13] When statement number seven takes us 
to this point, we must check to see if any rhythms 
have been specified. That is, if the user entered only 
a carriage return for the very first rhythm, the fre- 
quency vector will be empty and we must stop ex- 
ecution (branch to zero). 

[14] The local variable K is now reset to show, 
for each attack time in A, the first index of À that 
contains that attack time. This might be a vector 
such as 01204 0 6 2 8, indicating that the first, 
fourth, and sixth attacks occur simultaneously, and 
so do the third and eighth attacks. 

[15] Repeated entries are removed from K. If 
K were the above vector, K =: оК would be 1 1 
101010 1 and this would compress out the 
repeated values leaving K equal to 0 12 4 6 8. 

[16, 17] By keeping only the values indexed 
by K, the repeated entries (representing 
simultaneously attacked higher pitches) are 
removed from the attack and frequency vectors. 

[18] K is reset to the grade-up of A. This 
means K will contain the indices of A reordered ac- 
cording to the attack times those indices address. 

[19, 20] A and F are reordered to show the ac- 
tual time sequence. 

[21] The difference between the successive en- 
tries in A (using T as an appended last value) gives 
the successive durations between attacks. These 
values are stored in the duration vector, D. 


This program was written upon hearing that 


APL was available on the IBM Personal Computer 
and that it could control the sound generator 
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through an auxiliary processor. The next step was 
to find out what shared variables are needed for that 
processor and then write the required function to 
pass the information contained in the frequency and 
attack or duration vectors. On gaining access to 
such a system, however, 1 found the designers had 
gone out of their way to be “helpful.” Only the most 
conventional part of conventional notation is im- 
plemented (in a coded form, of course) and with the 
usual failure to account for "artificial" groups. As 
a result, I could either write my own auxiliary pro- 
cessor or code the whole thing in BASIC. Even if 
à third alternative, such as having some teeth 
pulled, were added, writing my own auxiliary pro- 
cessor would come in last. Besides, it seemed (and 
proved) possible to work out the BASIC code then 
and there. 

The program is listed in Fig. 7-13. It works just 
as described for the APL program, except that the 
attack symbol cannot be prespecified (attacks must 
be given by Гз instead of X's or any other 
character), a subrhythm cannot contain more than 
60 symbols, and a maximum of five subrhythms are 
allowed. 


THE PROBLEM OF SENSIBILITY IN RHYTHM 

Earlier I mentioned how useful the resultants 
of interference have been to me in learning to per- 
form unusual artificial groups. But now I must ad- 
mit they have had little value in pointing out just 
what it is that makes a given rhythm appear sensi- 
ble. The resultants themselves are rarely useful 
directly as rhythms of durations, even when 
“spelled out’’ in a way that does not use artificial 
groups, because their temporal patterns do not con- 
form to our traditional sense of musical phrasing. 
They show an overall pattern of durations that 
reads the same forward and backward! This palin- 
dromic symmetry goes unappreciated by our 
musical sense and leaves unsatisfied our musical 
needs. Time never flows backwards, and the sound 
waves produced by musical attacks are neither 
geometrically nor acoustically symmetric under 
such time reversal. Just play any tape backwards 
and you'll see what I mean. So there is no natural 
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reason to expect us to sense such symmetry 
through hearing. 

Another “feature” of the resultants also goes 
unnoticed by our aural sense. The interference of 
two numbers creates “families” of duration groups; 
a resultant contains combinations of duration 
lengths from one to the smaller generator in suc- 
cessive groups whose sum equals the larger 
generator. At the same time, successive subgroups 
add up to the smaller number. In the resultant of 
five to three, as an example, we see the groups add 
to five: 


(3 2) (1 3 1) (2 3) 
and the subgroups contain or add to three: 
30203023 


Such patterns may have great appeal to our analytic 
sense, but they offer little of interest to senses at- 
tuned by evolutionary design to the natural world. 

Schillinger was well aware of these properties 
of resultants, and saw nothing unnatural in them. 
He feit that beauty recognized by the intellect must 
have universal appeal to all the senses. His convic- 
tions were so firm that he was able to take rhythm 
as the fundamental musical entity and the resultants 
of interference as an adequate base for rhythm! 
Though he was a mathematician, he seems to have 
overlooked the fact that solutions to problems of 
analysis and synthesis can be quite different. It is 
possible to analyze a given waveform in terms of 
combinations of sine waves and then use them to 
synthesize the sound of that instrument. Similarly, 
it is conceivable that any given rhythm could be 
analyzed in terms of combinations of interference 
patterns, and so the rhythm could be synthesized 
from them. But if you were asked to synthesize any 
orchestral sound, without being given a target“ 
for analysis, you could spend the rest of your days 
putting together sine waves in endless ways and 
never find the sound you want. In creating a sensi- 
ble rhythm, we have the same sort of problem; no 
predetermined amount of experimental manipula- 


19 DEFINT I-N 

20 DIM RI$(4),L (4) 

30 INPUT "Total time: ",T 
40 РОЯ I=0 TO 4 

50 INPUT "Rhythm: ",RIS(I) 
60 L(I)=LEN(RI$(I)) 

70 IF L(1)=0 GOTO 90 

80 NEXT I 

90 N=I 

100 IF NaO THEN END 

110 MXL=L (N-1) 

120 FOR 1=0 TO N-2 

130 IF MXL MOD 1 (1) THEN МХ. =. (I) &MXL 
140 NEXT I 

150 T218.23T/MXL 

160 DIM K(MXL) ,F (MXL) , D(MXL) 
170 FOR I=N TO 1 STEP -1 
180 FOR J=1 TO L(I-1) 

190 IF (ps (КІФ (1-1) ,Ј,1) ="1") THEN K(£J-1) /LCI-1) &MXLO SI 
200 NEXT J 

210 NEXT I 

220 DIM Р(5) 

230 P(0}=50000 

240 FOR I-1 TO Š 

250 Р(1) =110ж1ж2 

260 NEXT I 

270 1=0 

280 JJ=0 

290 IF K(I)=O GOTO 350 
300 D(Jj)=T 

310 F(JJ)=P (K (1)) 

320 JJ=JJ+1 

330 1=1+1 

340 BDTO 440 

250 J=1 

360 FOR M-I TO MXL-1 

370 IF К(М) GOTO 400 

380 J=J+i 

390 NEXT M 

400 F(JJ)=P (Q) 

410 D(JJ)=JxT 

420 JJ=JJ+1 

430 I=M 

440 IF I«MXL GOTO 290 

450 MXL-JJ 

460 I-0 

470 WHILE I<MXL 

480 SOUND F(I),D4{1) 

490 1=(1+1) MOD MXL 

500 WEND 


Fig. 7-13. The RHYTHM algorithm coded in BASIC for the IBM Personal Computer. 
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tion of the resultants of interference can create 
“the” rhythm you want. 

To attack the cybernetic problem 1 must ask, 
How do I choose rhythms of duration? This leads 
to further questions about the internal “feedback” 
mechanism that keeps me “оп track,” accepting 
certain patterns and rejecting others. Eventually, 
the problem distills to, “What makes sense 
rhythmically, and why?" Notice, this form of the 
question is more objective; it applies to entire 
cultures. But the answer I'm about to suggest is 
largely subjective in that it is based on much 
thought and little in the way of experiment. Melody 
and rhythm in different cultures appear to have 
evolved independently, but rhythm and language 
seem to exhibit a chicken-egg interdependence. 
"The source of our metric sense may not be musical 
at all! 

Speech—even the speech of the most non- 
musically inclined individuals—carries the imprint 
of rhythmic sense most plainly. Concentrate on any 
speaker's rhythm rather than his verbal content to 
verify this. It would be wise not to choose a boss, 
parent, or spouse as a test subject. It would be 
safest to listen to radio or television or to yourself 
reading aloud. You will notice a tendency to place 
accented syllables on a remarkably regular beat. 
Unaccented syllables are usually forced evenly be- 
tween beats as in simple duple or triple meters. 
Even during pauses for breath or for finding the 
proper words, the beat goes on. Exceptions do oc- 
cur, giving rise to exemplary forms of syncopation 
and shifts of beat as in mixtures of 2/8 and 3/8 time 
signatures. The speaker's own rhythmic sophistica- 
tion and musical experience certainly affect his 
speech. With quite simple phrases, I can often 
distinguish between jazz and classical“ 
speakers of English. Even with foreign languages, 
a discriminating listener may discern hints of phras- 
ing peculiar to the corresponding folk music. I 
have noticed this for Mexican, Brazilian, Greek, and 
Korean speakers. Also, after the first few weeks 
in a foreign country, any composer finds himself 
using the newly familiar lingual“ rhythms in his 
music. 

The idea that words can always be put to mu- 
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sic, in any language, misses an important point 
here. There are no bar lines or formal phrase 
lengths in a speaker's mind. These are strictly 
musical constructs used to impose larger rhythmic 
patterns on commonly spoken ones. Without them, 
a rhythm is not suitably “musical.” With them, 
speech takes on emphasized meanings. The 
rhythms of speech are extremely complex, yet we 
compose them subconsciously as we string our 
words together. Musical rhythms are simpler by 
far, but they impose a consciously intellectual struc- 
ture on the patterns of language in time, much in 
the same way that mosaics depicting irregular 
spatial patterns can be constructed of regularly 
shaped pebbles and tiles. 

The critical factor in composing sensible 
rhythms then is not the selection of the pebbles— 
the actual durations that fill a bar—but the devices 
we use to combine those pebbles into a larger pat- 
tern. Simple schemes involving repetitions, per- 
mutations, and various kinds of distortions spring 
immediately to mind for this purpose. Such devices 
are readily programmed and often lead to satisfy- 
ing results. But just as often they lead to recogni- 
tion of what I mean by our rhythmic naivete.'" 

А simple “nuclear” pattern such as the first bar 
of Fig. 7-14 cannot be freely permuted if musical 
sensibility is to be retained. Some fascinating per- 
mutations do arise, in the second bar, triplets syn- 
copate nicely over the beat. But many more 
permutations such as the third bar are so perplex- 
ing that just putting them into conventional nota- 
tion can be a puzzle. 

Our methods must include recognition of those 
“pebbles” that contain more than one duration. The 
rhythm shown in the fourth measure can be con- 
sidered to contain these rhythmic kernels: 


Rid. aud 


or even, using a “finer grained” analysis, 


N 


ама Шы Ды, PALA MJ | 


Fig. 7-14. Four measures showing a rhythrn, an interesting permutation, a perplexing permutation, and a return to the 


original rhythm. 


We will call such elements microrhythms or 
micropatterns. The safest devices for development, 
ie., creating extended patterns from these 
elements, are repetitions and rearrangements of the 
ordering of the micropatterns. And now, we will 
go into such devices and methods in some detail. 


DEVELOPMENT OF MICRORHYTHMS 


Repetition seems a most uninteresting device 
and, when used with rhythmic elements that have 
little intrinsic interest to begin with, you might ex- 
pect it to be synonymous with boredom. That im- 
pression grows out of experience with repetitive 
spatial patterns. Unlike space, musical time carries 
its own metric marker the beat." A repeated pat- 
tern doesn't seem repetitious when its relationship 
to the beat keeps changing. When the duration of 
a musical measure and the duration of a 
microrhythm have an unusual ratio, repetition 
causes a subtle kind of interference to take place, 
but there is nothing subtle about the interesting ef- 
fects produced. 

Figure 7-15 is an algorithm that will repeat a 
micropattern, MP, until it fills a time duration, TD. 
That is, if TD equals five and the micropattern has 
a duration of three, two more units of duration will 
be added through repetition. Incidentally, the 
algorithm “knows” that temporal durations are 
always positive, so you can use negative entries to 
indicate rests (of positive duration, of course). For 
illustration, suppose MP is the duration vector, 2 
111, and TD specifies a total duration of 7. The 
algorithm then does the following: 


[1] The result to be returned, Z, is initialized 
to the empty vector. 
[2] The complete micropattern MP is ap- 


pended to the entries, if any, in Z. Notice, this state- 
ment is labeled because we expect to branch back 
to it as long as Z doesn't account for the total 
duration. 

[3] If the total duration, TD, is greater than 
the sum over the absolute values of the elements 
in Z, branch back to the statement labeled L1. In 
our case, TD equals 7. The first time we reach this 
point, Z will contain one occurrence of MP whose 
durations total 5. So back we go to the previous 
Statement, resetting Z to contain a second sequence 
of the MP values: 21112111. Now, back at 
this statement, 7 is compared to 10 (the sum over 
Z), found not to be greater, so the branch is not 
taken. 

[4] The local variable, K, is set to a logical 
vector in which ones will appear corresponding to 
the durations in Z up to the point where the ac- 
cumulating total exceeds TD. From there, zeroes 
will correspond to the remaining Z entries. Notice, 
+ N |Z implies +N2 1 1121 1 1, which equals 2 
34578910. With TD = 7, K becomes the result 
of 

72234578910 


which is 11111000. 


v ZeTD RHM MP;K 
2610 
1:262,МР 
3(TD)+/1Z)#L1 


KeTDztNIZ 

ZeK/Z 

ZZ, CTDD+/1Z)PTD-+/12Z 
” 


Fig. 7-15. Function RHM repeats а rhythmic micropattern, 
MP, to fill a given total duration, TD. 
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HALLE ELU dy 


FFC 


Fig. 7-16. Repeating the rhythm of durations 2 1 1 1 2 in 7/4, 4/4, and 3/4 meters. 


[5] 2 is now reset by using K to “compress 
out" the entries that correspond to its zeroes. In 
our example, K/Z becomes 


11111000/21112111 


which equals 2 1 1 1 2. 
[6] An additional value will be catenated to 
Z if required to fill out the time span specified by 
TD. This accounts for the possibility that the last 
duration value used in the repetition will not quite 
reach the necessary total, but the next duration in 
the micropattern would exceed that value. For the 
values we're using here, the expression in paren- 
theses will be zero (the expression, TD is greater 
than the sum over the absolute values in Z, is false), 
so only a null element is appended to Z (0 о 0). 
The result of our example will superimpose a. 
feeling of 7/4 time on the meter actually chosen. 


HUY 


That is, in Fig. 7-16 we see the motif 2 1 1 1 2 used 
repetitively in 7/4, 4/4, and 3/4 meters. 
Although I described the algorithm in terms of 
durations, its arguments and result are simply 
numbers. We could reinterpret TD to represent the 
total number of attacks to be used in repeating an 
attack pattern, MP, and producing a result 
representing the numbers of attacks on sequential 
beats. Our previous result, 2 1 1 1 2, would then 
translate from the previous figure to Fig. 7-17. 
Tn fact, using Schillinger’s idea that rhythm can 
be interpreted to apply to any sort of "space," we 
need not give TD or MP such explicit meanings at 
all. As numbers, they could even be taken to rep- 
resent indices to a vector or matrix, so the result 
would select particular elements from particular ar- 
rays. However, because the algorithm was designed 
with durations in mind, we do have to take into ac- 
count significant differences between durations and 


3014091141 DO) Dy 
PIN Ay 


Fig. 7-17. Repeating the rhythm of attacks 2 1 1 1 2 in 5/4, 4/4, and 3/4 meters. 
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attacks or indices or whatever else we might use. 
For example, I mentioned that a negative duration 
could be interpreted as a rest. I did not say what 
a negative attack might mean! Unless you can 
assign such meanings, negative values should be 
avoided when you want to generate attack patterns. 

But let's consider the value zero. À zero dura- 
tion is meaningless; the algorithm effectively ig- 
nores it because it contributes nothing to the sums. 
А zero attack would correspond to a rest for the 
beat on which it falls, so you would never include 
a zero in MP if you are considering durations, but 
you might if you have attacks in mind. If you want 
to deal with indices, you would have to account for 
the index origin. You might redefine the index 
origin as one, or you could subtract one from all 
elements of the result! For example, say we have 
a vector, A, containing the two elements 2 and 74. 
Then 


Al-1 + 7 HH 2 1 1 1] 


would be Al! O 00 1] ог -4222 4. (Notice, 7 
RHM 2 1 1 1 would give the previous result, 2 1 
1 12, and then subtracting one gives the indices 
shown.) 

To make this example musically meaningful, 
the vector needs to represent something. Let's con- 
sider 2 and -4 to indicate successive intervals in 
a progression of root-tones. That is, beginning with 
the note C, the roots of the successive chords must 
move down four semitones, up two, up two more, 
etc. The APL expression to capture this root-tone 
sequence could be written: 


+ NO, ANT + 7 RHM2 1 1 1] 


which would give 0 -4 -202 -2 or the root-tones 
C, Ab, Bb, C, D, and Bb. The same "rhythm" ora 
different one could be applied to select chord struc- 
tures to be built on these roots. 

Using the same rhythm with an array contain- 
ing just two chords would synchronize root-tone 
motion with chord structure. For example, if B 
were the array 


2203334 


the first row would contain the successive intervals 
in a minor triad and the second would do the same 
for a major triad. Symbolically, we could even say 
B represents the literal array 


2 3 о 'MINMAJ' 
or 


MIN 
MAJ 


Now, just as we began the root-tone sequence ar- 
bitrarily with C, we can specify the first structure 
to be major. Then the entire sequence 


MAJ, Sl 1 + 7-2111] 


taken together with the root-tones derived above 
would be: 


C MAJ, Ab MIN, Bb MAJ, C MAJ, D MAJ, Bb 
MIN. 


STYLE 


When you do things in a consistent way, you 
have a style, but when you do them consistently and 
with taste, you have style. Every composer has a 
style because everyone's knowledge is limited and 
that imposes consistency through constraints on 
ideas. The goal of all composers is to outgrow their 
particular (limited) style and develop style—the gen- 
uine article without the indefinite article. But no 
matter how we try to phrase it, the facts will seem. 
rather cold to anyone with romantic notions. 
Perceived gradations of style are purely subjective. 
As a composer, you outgrow your style only when 
you recognize the limitations of your methods and 
increase your knowledge so as to develop more 
sophisticated methods. A description of methods 
for attaining style will prove far more enlighten- 
ing than the most carefully worded generalities. 
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Even an inexperienced listener will recognize, 
or at least sense, style based on repetitions and per- 
mutations of rhythmic micropatterns that are not 
too sophisticated. The presence of the same kernels 
throughout a rhythm provides consistency, while 
their changed order supplies taste. Sophistica- 
tion depends on the micropatterns themselves as 
well as on the particular devices for reordering 
them. To some extent, sophistication, complexity, 
and style become inseparable. 

As an example, suppose we limit ourselves to 
these four microrhythms: 


mard АП‏ لل .ل.ل 


The first three of these are totally lacking in “‘style” 
because of their brevity and “respect for the beat.” 
The last one is not so colorless. Now, to give 
substance to the example, I’m going to specify an 
attack rhythm of 6 4 6 3. These will be the numbers 
of attacks in four successive measures. Each set of 
attacks must be constructed from the given 
microrhythms. In choosing two sixes, I have in 
mind the use of the fourth microrhythm for one of 
them and some combination of the ''styleless" ones 
for the other. The other two numbers come to mind 
because there are four microrhythms and three of 
them have no "character" of their own. These 
numbers simply “come to mind" for the reasons 
given; in reality, they are more arbitrary than my 
“reasons” would indicate. Equally arbitrary is the 
way I now assign duration to the attacks. The first 
four measures might appear as shown in Fig. 7-18. 
Notice, the listener will not be aware of the three 
simplest microrhythms. Instead, the more 
specialized motifs that fill the individual measures 
will stand out as “the” rhythmic micropatterns. 


Further development must take this into account 
before introducing any new combinations of the ba- 
sic microrhythms. 

Repetition is necessary to fix these patterns in 
the listeners’ minds. But direct repetition of the 
above will produce the most banal sort of eight-bar 
phrase, so I purposely will show an “insertion” 
technique. We'll repeat the first two measures, in- 
sert the first and fourth bars next, and then repeat 
the third and fourth measures of the original; the 
result is shown in Fig. 7-19. 

The entire sequence of ten bars will suggest all 
sorts of further development to a composer. À pro- 
grammer can continue by relying on the simplest 
numerical methods. For example, the ten attack 
values now are 


6463646363. 


The first thing to strike me (and purely at a vis- 
ual rather than intellectual level) is the prevalence 
and regularity of those sixes. Next, I feel the value 
four has somehow been cheated; just looking at the 
sequence of non-sixes, I expected the last number 
to be a four. So with all the whimsy at my com- 
mand, I'll tack on four sixes and a final four. The 
last five bars might then be the ones shown in Fig. 
7-20. 

Combining this with harmony suggested by the 
previous example, in which root-tones and chord 
Structures were synchronized, melodizing by 
methods to be taken up in due course, and ex- 
tending the whole—rhythm, melody, and 
harmony—into more complete temporal form (also 
to be discussed), we have a result (Fig. 7-21) that 
does indeed have a style, if not style. 

Rhythmically, though perhaps not har- 
monically, 1 have stayed well within the limits of 
style for the MT idiom here. For typical meters and 


елшіл) 


ызалы 14 


(6) (8) 


Fig. 7-18. Four measures based on the attack pattern 8 4 6 3 and the four microrhythms shown in the text. 
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42-09-01 DL MIT LL. 


Fig. 7-19. The rhythm of Fig. 7-18 with an “extra сору” of the first and fourth measures inserted between the second 
and third measures of the original. (The sequence of measures becomes 1 2 1 4 3 4.) 


tempos in that idiom, any beat or half-beat may be 
attacked to produce a “sensible” micropattern. 
Within that simple constraint, psychologically ac- 
ceptable microrythms have quite free form except 
for one further consideration. As a rule of thumb, 
it would be wise to base development on repetition 
of a few short phrases, ensuring that the listener 
gets the point in our musical conversation, and 
preventing saturation of his or her mind with too 
many different patterns. À reasonable guideline 
might restrict the micropatterns to lengths not ex- 
ceeding one or two measures. For the thoughtful 
composer, [ should now prove that, as limiting as 
these rules may seem, the MT style has not been 
completely exhausted. 

Consider a single measure of four beats, eight 
half beats. In APL we can construct a delightfully 
simple representation using logical vectors (ones 
and zeros). 


10101010 = | J J J 


DIIN 
"ЛЛ 


With eight entries in a vector, the ones indicate 
which of the eight potential attacks actually are to 


11101011 


91011111 


occur. Zeroes will not necessarily indicate half-beat 
rests; they simply show the absence of an attack. 
(Coincidentally, one such measure corresponds to 
one byte, and the computerists among us might en- 
joy thinking of rhythms as ASCII characters or two 
hex digits.) 

The combinatorial mathematics of this situa- 
tion (two things taken eight at a time) indicates that 
there are 256 possible one-measure rhythms (in- 
cluding the four-beat rest, i.e., no attacks in the 
measure). Pondering the number of bars of 4/4 mu- 
Sic already in existence, in which all attacks (if any) 
occur on an eighth note, will lead one to the in- 
escapable conclusion that there are no new 
microrhythms to be found within the restrictions 
given above. However, an even smaller number of 
elements accounts for all things in the physical uni- 
verse. So we must take into account the number 
of “diatomic musical molecules" that can be formed 
by selecting any two one-measure rhythms to be 
played consecutively. This turns out to be the same 
as the number of values addressable in two bytes— 
the well-known “64K” or 65,536 two-measure 
rhythms. 

Taking the argument one or two steps farther, 
we find there are over 16 million rhythms three bars 
in length and more than 4 billion four-measure 
rhythms. If you could find and play each of those 
four-plus billions of measures in real time at a tempo 
of 120 (beats per minute), you would finish in about 


(6) (6) (6) 


лыг | 


(6) (4) 


Fig. 7-20. Five measures developed from the attack rhythm 6 6 6 6 4. 
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Fig. 7-21. (Continued from page 66.) 


A.D. 3000! The MT idiom as we know it has been 
around less than a tenth of that time, so we needn’t 
be surprised when new tunes seem to keep appear- 
ing endlessly. As I will try to make clear later, the 
astronomical numbers that appear when simple 
elements are combined are the direct cause of our 
need for repetition of a small number of patterns. 
Such numbers also account for “sensibility” in a 
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way that is itself quite sensible and yet most unex- 


pected. 


PERMUTATIONS 

Repetition can also be made interesting by 
changing the order of the repeated elements, even 
if the total pattern remains “іп sync'' with the me- 
ter. Techniques for reordering (or permuting) such 


elements are easily programmed in APL and pro- 
vide informative examples. Here are a half-dozen 
illustrative techniques for permuting the elements 
of a vector. In each case, the vector will be 
represented by the symbol V. We will also use a 
variable, P, whose numerical form will depend on 
the specific permutation technique under con- 
sideration. 


Permutation by Index 

Here, P will be the desired order of the indi- 
ces. With V = 'ABCD' and P = 320 1, our result 
would be МР] or 'DCAB'. Notice that rows or col- 
umns of arrays can be permuted in the same way 
by writing 


RESULT - ARRAY[P;] 
or possibly even 
RESULT - ААВАУ[МР];] 


(where V is a numeric vector). Now, suppose V is 
the attack vector 2 3 4 1 representing the rhythm 
Shown in the first bar of Fig. 7-22. V[P] then gives 
(2341)320 1] = 1 4 2 3, the second measure. 
Repeating the process on this result: (У[Р])[Р] = 3 
214, produces the third measure. One more time, 
«V[PD[PD[P] = 4 1 3 2, creates the last. 

If you were to apply this permutation again to 
the last result 


41321320 1], 
the original vector, 2 3 4 1, would reappear. So this 


particular permutation of four different objects 
(P2320 1) can produce just four different results 


by "recycling" the operation. In our example, four 
one-beat microrhythms are ordered to form four 
micropatterns, each one bar long. We can call these 
V, V1, V2, and V3, with the number indicating the 
number of times the permutation was carried out. 
That is, 


V2 = (VIPNP] 


where the 2“ implies two P's. Notice V4 = V, 
V5- V1, V6= V2, etc. 

Now we can use the same technique to extend 
the four unique measures into four different four- 
measure phrases! By reordering the sequence (V, 
V1, V2, V3) with the same permutation vector, (3 
20 1), we produce the four measures shown in Fig. 
7-23. And, by calling the original four-bar sequence, 
S, and the above permutation, S1, we realize that 
S2 and $3 can be derived from them just as V2 and 
V3 were derived from V and V1. So, although this 
permutation “only” rearranges four things in 
four different ways, it also rearranges that sequence 
of four arrangements in four different ways. You 
can reread the previous sentence until either you 
fall asleep or see that an endless sequence can be 
constructed which never actually repeats (though 
after listening to a few hundred bars it may seem 
to be repeating endlessly). 


Permutation by Value 


To establish a particular ordering, P, for the 
elements in V, we could write 


RESULT —V[PoV] 


However, in defining P, perhaps interactively, it 
would be too easy to include invalid entries. Sup- 


J^ @ @ (0) 


Fig. 7-22. The 2 3 4 1 attack pattern (first measure) is shown as single, double, and triple 3 2 0 1 permutations by index 


in the succeeding three measures. 
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v У1 


Fig. 7-23. The same vector used in Fig. 7-22 (3 2 0 1) used to permute the four permutations! 


pose V equals 'DACB' and somehow I manage to 
ask for a permutation, P, specifically to be ‘AEBD’. 
Then, just to be safe, the programmed statement 
using P could be 


RESULT - V. ) [P V] 


RESULT would then turn out to be the vector, 
'A*BD', and instead of stopping with an index er- 
ror" message, the program could continue with a 
preplanned evasive maneuver. 

For a numeric example, consider the attack 
vector used in Example 1. We might want the se- 
quence 1 4 32, which was not attainable by the per- 
mutation used there. Obviously, we could simply 
reset V to that sequence. But in a complex situa- 
tion, where we need to be sure we're are not alter- 
ing the raw material, a better form would be 


RESULT - (V, -1, [Р.М 
followed by 
— (7 1*RESULT) t ERROR 
where ERROR labels a statement containing our 


instructions for handling any emergencies caused 
by invalid entries in P. 


Cyclic Permutations 


The rotation function in APL performs cyclic 
permutations directly. The assignment 


RESULT - POV 
causes the Pth element of V to become the first 
(zero) element of RESULT. If V were 'ABCOE', the 


following table shows the effect of various values 
of P. 
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P RESULT 
0 'ABCDE' 
1 '"BCDEA' 
3 '"DEABC' 
71 ‘EABCD’ 
-4 'BCDEA' 


It is as if the elements of V form a continuous loop 
with A following E directly. Calling the first ele- 
ment's index zero lets us refer to other indices as 
either positive or negative integers in a perfectly 
logical way. Thus, E is both element number four 
as well as number negative one. 

Notice that any cyclic permutation can be 
“recycled.” If P and the number of elements in V 
do not have a common divisor, each possible cyclic 
arrangement of V will occur before recycling 
returns the original order of the elements. With P 
equal to 2 and five elements in V, the first rotation 
(V1) would be 'CDEAB*. Rotating that with the 
same P produces V2 = 'EABCD', and so on until 
V5 is found to be the same as the original V. 


Reflection 

Remember, the same operator used for rota- 
tion performs the reversal function when applied 
monadically: 


© 'ABCDE' produces 'EDCBA" 


This operation, usually called a reflection by musi- 
cians, cannot be recycled without returning the 
original setting immediately; a reflected reflection 
appears the same as no reflection! 


Pair Interchange 


The reversal operator can be used in a more 
complex expression to cause pairs of entries in a 


vector to trade positions. Suppose V equals 
'ABCDEF 'and P is set to 0 2 1 5, meaning that the 
elements in positions zero and two are to be inter- 
changed, as are those in positions one and five, pro- 
ducing the result, 'CFADEB'. To do this formally 
in APL, we would write 


RESULT -V 
RESULTIP] —,6(( eP) + 2). Әс VIP] 


As was true for reflection, recycling here returns 
the original order of the vector. But you might see 
what happens if you choose different pairs of P vec- 
tors and use them alternately. You might also try 
permuting the elements of a single P vector! 


Generalized Reflection 

This permutation can be called a rotated reflec- 
tion if you remember that a rotation implies a cyclic 
Shift of components and a reflection simply reverses 
the order of elements. In explaining this operation, 
the idea of a two-sided mirror reflecting the 
elements of the vector is useful if not accurate. The 
position of the mirror determines the axis of 
reflection. But following this reversal, the mirror 
suddenly acts more like a window in that the 
number of elements seen through either side re- 
mains unchanged. That is, placing a mirror mid- 
way across the B: 


"ABCDE' would ordinarily produce 
bla: 
but then the “window effect" changes this so that 
'ABCDE' produces 
CBAED' 
Placing the “mirror” midway between the D and E 


'ABCDE' happens to produce the same 
H 


i 
'CBAED’ 


The reason for explaining the operation in such 
а contrived way is to allow a scalar value to deter- 
mine the result. As for the cyclic shift, positive or 
negative integers will address elements in the vec- 
tor for positioning the mirror. But half-integers can 
also be used. A value of one for P would corre- 
spond to the first case in which the mirror cut across 
the B. Negative four would do the same. The sec- 
ond case could be characterized by P values of 3.5 
or -1.5. Notice, the values .5 and -.5 are 
equivalent to the ordinary reflection. An APL ex- 
pression to represent this operation can be written: 


RESULT -(- (eV) |1 + 2xP) ФФУ 


A RECURSIVE GENERAL 
PERMUTATION ALGORITHM 


At times a particular permutation scheme may 
not suggest itself, so the composer may think he 
wishes to see all possible permutations of his ma- 
terial. Figure 7-24 lists an algorithm that will serve 
in principle. I say “іп principle" because all possi- 
ble permutations”’ may easily overtax the available 
resources. This algorithm is directly useful when 
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creo 
36 
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ZEPVN EVV) ZVE, V 
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Fig. 7-24. Function PERM captures all permutations in the 
vector V. 
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the number of unique elements in the vector to be 
permuted is relatively small, say smaller than six 
or seven. Six different items can be permuted 720 
ways; seven items have 5040 permutations. But the 
length of the vector also must be considered 
because all its elements may not be unique. That 
is, 'ABC' will have six permutations of the three 
elements with a total of 18 characters to be 
displayed in the list of results. But the same 
unique elements in the vector 'AAABBCCC' will 
have (8!) + (3!) x (31) x 2 or 560 permutations re- 
quiring a list of 4480 characters. If all eight 
elements in this vector were different, there would 
be over 40,000 permutations and nearly a third of 
a million characters to be displayed. 

The second statement in the function PERM 
calls the function UNIQ which returns a vector con- 
taining just the unique elements of the original vec- 
tor. But notice the function that is called in the fifth 
statement, PERM! A function that calls itself is 
called a recursive function. Such behavior in anyone 
deserves closer scrutiny, so let’s examine just what 
happens here. Because recursion is a rather ad- 
vanced topic, if the level of detail becomes op- 
pressive, feel free to skip to the next section. 

The initial step of the algorithm, [1], sets the 
variable 1 as a scalar zero (our index origin) and also 
establishes array Z to be returned when execution 
is completed. This array is initialized here with the 
same number of columns as there are entries in the 
vector to be permuted, but with no rows, so it 
begins as an empty array. Next, in [2], the local 
variable K is introduced so as to isolate just the 
unique elements of the original vector V. Now, a 
test is made in [3] to determine whether V has just 
two elements. For the moment, let’s suppose it 
does. The algorithm then branches to the last state- 
ment, [8], labeled L2. Here the array to be returned, 
Z, is shaped to have as many rows as there are 
unique elements in V. Because, with two elements, 
V has either the form “аа” or “ab,” 2 will be 
returned as the one-by-two array “аа” in the first 
case, or as the two-by-two 


ab 
ba 
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in the second. 

Let's return to statement [3] now to see what 
happens when V has more than two elements. The 
branch to [8] is not taken, so statement [4] is ex- 
ecuted next. The local vector J is set up to contain 
all the indices of V other than the one that contains 
the first appearance of the unique element, КЇЇ]. 
But, to be specific, we'll say V has three com- 
ponents and the index I equals zero. This makes 
Ell] the same as the first entry in V. And now we 
can look closely at the first recursive call to PERM 
in statement [5]. 

Reading from right to left, we see PERM is 
called with V[J] as the vector to be permuted. This 
vector must be V[1 2] because, as we just saw, J 
will not contain the first index of K[0] in V, which 
must be zero. We know that when PERM operates 
on a two-element vector, there are two possible 
results: “аа” or the two-row matrix containing “аЬ” 
and ba. Statement [5] then prefixes the returned 
result with КП], which we recognize as М|0). So just 
this much of the statement is equivalent to an ar- 
ray that depends on the form of V. If the original 
three-element vector had the form ‘‘aaa,” then K[0] 
catenated to PERM V[1 2] would return the unsur- 
prising result, aaa. With V = abb.“ we could ex- 
pect the equally unsurprising result “abb” because 
the first element, “а,” will be catenated to the only 
“permutation” of “ББ.” The remaining possibilities 
for V are “aab,” "aba," and "abc." For each of 
these, PERM V[1 2] returns a two-by-two array, so 
with K[0] = “а” the possibilities are: 


abc 
acb 


aba 
aab 


aab 
aba 


To complete the statement, the particular result of 
K[0],PERM V[1 2] is then catenated row-wise to the 
previously set array, Z, which is empty when I = 0. 

In the next statement, [6], I is increased by one 
and tested to see if there are more unique elements 
to be taken into account. For the case of V = “ааа,” 
K has only a single entry so the test fails and state- 
ment [7] ends execution. For any other form of V, 
K will contain at least two elements. So with I now 
set to one, the branch is taken, and we find 


ourselves back at statement [4]. K[1] is now the sec- 
ond unique entry in V, so that J is either 0 1 or 0 
2. The possible results for the recursive step can 
now be tabulated; 


1-1) J V KI}, PERM УМ 
02 abb bab 
bba 
01 aab baa 
02 aba baa 
02 abc bac 
bca 


The appropriate result is then appended to the 
previous one and again statement [6] increments 
l and tests it against the number of unique 
elements. Only then K has a third element will we 
branch back one more time. The remaining entries 
to be appended to the previous ones must then cor- 
respond to 1= 2 and J = 0 1, so that, with V having 
the form “абс,” K[I],PERM VIJ] is 


cab 
cba 


Instead of returning to statement [3] and con- 
sidering the chain of events when V has four en- 
tries, five entries, and so on, let's back off a bit and 
observe the whole procedure with some perspec- 
tive. No matter what the length of the original vec- 
tor, the PERM algorithm sets aside one unique 
element and then calls PERM to treat the remain- 
ing elements. 

The effect of recursion and the reason for us- 
ing it should now be evident. This process of peel- 
ing off unique elements continues with the 
successive calls until a level is reached with only 
two elements. After permuting them, the algorithm 
returns to the call at the three-element level, and 
continues as we just discussed until all permutations 
of these three are in place. Retrogression continues 
in this way for the last four elements, the last five, 


and so on until completion. Of course, the sequence 
of events for four elements is more convoluted than 
it was for three, but there is no difference in the 
logic. In fact, when you analyze a logical situation 
for N elements and find that you can describe it in 
a way that depends on N - 1 elements, your analysis 
need go no further; you have a recursive algorithm. 


FAMILIES OF RHYTHMS 

We now have the ability to see all permutations 
of a particular rhythm. À more fundamental and 
useful ability would show us all motifs that serve 
the same rhythmic function. Such a collection com- 
prises a family of rhythms, all of which have the 
same number of attacks and fill the same total dura- 
tion. But, having seen that a single rhythm can have 
an astronomical number of permutations (and each 
permutation is certainly in the same family), we had 
better limit this list to all *unpermuted" members 
of the family. An unpermuted rhythm will be de- 
fined as one in which the durations are represented 
by an ordered string of integers with no retrogres- 
sion of value. All unpermuted rhythms having two 
elements and a duration of five would then be 1 4 
and 2 3. These could be considered the “seed 
stock" for the entire family, and their offspring.“ 
4 1 and 3 2, are generated by permutation. For 
three elements that add up to five, we can expect 
the seeds 1 1 3 and 1 2 2. Our permutation 
algorithm can give us the rest of the family. 

Ihave named the functions of an algorithm that 
find the seeds of a family BREAK and SPR8. А 
composer with a particular rhythm in mind can ask 
for 


N BREAK T 
or 

FAMILY —N BREAK T 
where N is the number of attacks in his rhythm and 
T is the total duration. It is usually easier to find 


N and T than to express a complex rhythm 
numerically. These functions are listed in Fig. 7-25. 
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Fig. 7-25. Functions BREAK and SPR& collect all unper- 
muted" rhythms with N attacks and a total duration of T units. 


If you enjoyed the analysis of the recursive func- 
tion in the last section, you'll love figuring this one 
out yourself, If you didn’t, fear not! I will just make 
a few comments here to clarify how to approach 
such a problem. 

For most people, it helps to transcribe problems 
of this sort into terms more easily visualized. In this 
case, consider each attack of a given rhythm to be 
replaced by a cup containing pennies, where the 
number of pennies in a cup equals the duration of 
the corresponding attack. The number of attacks 
then becomes the number of cups, and the total 
duration becomes the total number of pennies in 
all the cups. Our first task might seem to be to rear- 
range the cups to be sure that no cup has more pen- 
nies than the one to its right or fewer than the one 
to its left. This would represent the seed for the 
rhythm. But we need to generate all the seeds from 
one seed, and this particular rhythm, even when 
“unpermuted,” may not give us the family's pri- 
mary progenitor. 

So we need to visualize two limiting distribu- 
tions of pennies, and a procedure for converting one 
distribution into the other, a penny at a time if 
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necessary, so that when we reach the final distribu- 
tion we will have passed through all the seed 
distributions. The algorithm begins by placing a 
single penny in each of the cups except the last; that 
last cup gets all the remaining pennies. The other 
limiting distribution, the one we will try to reach 
by moving one penny at a time, is the one that 
comes closest to an equal distribution of the pen- 
nies (without violating the rule that no cup can con- 
tain more pennies than the one to its right). 

We begin by working with just the last two 
cups. We take one penny from the rightmost cup 
and place it in the cup to its left; equivalently, we 
subtract one from the last duration and add one to 
the penultimate one. Next, we must test to see that 
all values (durations or pennies per cup) are still in 
nondecreasing order. If the test proves positive, we 
place this rhythm in our list and repeat the opera- 
tion, subtracting one from the last duration and 
adding one to the next-to-last. Sooner or later, the 
last two cups will reach their limit of equality and 
the test must fail. We then discard the improper 
rhythm and put all the pennies back in the original 
configuration—one in each cup except the last, 
which gets all the remaining pennies. 

We now take two from the last cup and place 
one in each of the two preceding cups. If this 
distribution passes the test to avoid decreasing 
values, we accept it as the next rhythm and also 
as a ""second-generation seed" for further rhythmic 
derivation. This new seed marks the starting point 
for subjecting the last three cups to the one-penny 
treatment. When those three reach their limit of 
equality the test fails again, we return to the original 
seed and invest three cents in the production of a 
new second-generation seed which will affect only 
the last four cups. The seemingly unending nature 
of this logic shows the unmistakable mark of a 
recursive process. 


RHYTHMIC SELECTION 

For rhythm, as for the other components of mu- 
Sic, the problem of selection differs distinctly from 
that of generation or derivation. We have shown 
that a computer can derive enormous numbers and 


НН 


Fig. 7-26. А most uninspiring rhythm for а composition. 


varieties of rhythms to serve a composer's needs. 
The algorithms we used were models of mechanical 
schemes for moving numbers around as if they 
were strung on a necklace, reflected in mirrors, or 
passed through sieves for grading and caught in 
containers. Unfortunately, the mechanics of any 
selection process are far more complex. 

Rhythm is rarely an independent component of 
music in the MT idiom. It bends to the strain“ of 
melody and even to the pressures of harmony. 
Moreover, this idiom features language in a way 
that forces rhythm to imitate the role it plays in or- 
dinary speech. The composer must portray the 
written word with musical rhythms the way a 
painter depicts visible textures with brush strokes. 
Pitch and time are his pigment and canvas. As an 
artist, the composer selects material by searching 
through his technical resources for an approach that 
will satisfy his medium, his idiom, and his style. 
Only when that process of searching can be mod- 
eled in a way that produces realistic results can his 
"art" move to a higher level of search and select.” 
The problem of selecting rhythms by computer is 
nearly as complex as that of having a computer ex- 
temporaneously construct intelligent speech. Nei- 
ther problem is likely to be solved immediately. 

To demonstrate the intricacies of the problem, 
I'll describe my subjective mental processes on be- 
ing given lyrics that are to be set to music. Many 
of the examples to be shown throughout this book 
came into being through collaboration with lyricists 
in classes and workshops for musical theater 
writers. Of course, most of those collaborators were 


ec ST Le 


unaware of my devious methods of composition. 
But my experience leads me to view the fit between 
lyrics and rhythm to be of three classifiable types. 


Dum-de-dum-de-dum-de-DUMB 


The least inspiring and most difficult to deal 
with is the 4/4 trochee, a string of alternately ac- 
cented and unaccented syllables in common meter, 
typified by William Blakes's well-known “Tiger, 
tiger burning bright." (See Fig. 7-26.) Today, even 
children are so influenced by the rich musical styles 
that serve as themes and background to their video 
favorites that their musical IQs are too high to take 
such rhythms seriously. Yet there are times when 
an interesting lyric falls naturally into this damnable 
category. I recall one in particular that had the “nat- 
ural” meter shown in Fig. 7-27, repeated to fill 
three 16-bar sections of a particular form for a song. 
One solution would be to use this rhythm and rely 
on the melody and harmony to keep the listener 
awake. But that's not really a solution; it just shifts 
the problem to another musical component and may 
prove even harder to solve. 

Years ago, a stylistic solution was applied 
which amounted to giving the stressed syllables a 
larger share of the beat either through the use of 
triple meter (the first line of Fig. 7-28) or through 
“shuffled” eighth notes in performance (the second 
line). 

Such a slight deviation from “regularity” helps 
until it, too, becomes commonplace. Taking a cue 
from this, my solution was to alter the length of 


4212412112142 114424444. 


Fig. 7-27. An uninteresting rhythm suggested by an interesting lyric. 


75 


ALAIN MON 


Fig. 7-28. An outdated way to add interest to the rhythm of Fig. 7-27 (first line), as well as an alternate form creating the 


same effect (second line). 


every other unaccented syllable (Fig. 7-29). Reac- 
tion was interestingly mixed. Lyricists with little 
training but with obvious “natural” talent for mu- 
Sic found it thoroughly enjoyable. Musicians were 
put off by my cumbersome time signature, 3 +/4 
(7/8). Because the tempo was quite bright (about 
240 quarter notes per minute), most (even the musi- 
cians!) thought I was playing in a strict duple me- 
ter, not recognizing the beats they counted as I 
played had a duration ratio of four to three. À most 
perfect display of our rhythmic naivete! With 
repeated hearing, all strangeness here vanishes and 
this sort of metric manipulation becomes quite 
automatic. I frequently find myself now applying 
this solution even to waltz meter, changing 3/4 to 
2 1⁄4 (5/8). 


Easy Rhythm 

The second category of lyrical rhythm is a 
joyful relief from “problems” of any sort. The 
words have a natural quality, free of forced or 
overly obvious patterns of stressed and unstressed 
syllables, yet readily grouped into phrases that meet 
musical requirements. Some writers have an un- 
canny ability to compose such lyrics, whether pro- 
ducing words alone or fitting them to a given 


melody. An example comes to mind in which the 
words immediately established the rhythm. The 
noteworthy point, in musical jargon, was that a five- 
measure “bridge” fell out as naturally as eight- 
measure A-sections in its three AABA format. (If 
that makes no sense, don't worry about it. We'll 
clear it up when we discuss form.) An added bonus 
with this type of lyric is the gratification one ex- 
periences when the lyricist's talent is misinter- 
preted as the composer's ingenuity. 


Lyrically Rhythmic Lyrics 

Even more enjoyable, though problematical 
from the composer's standpoint, is the third type 
of lyric, in which clear musical phrasing exists but 
the microstructure is intriguingly irregular. A 
classic example would be Longfellow's “The Day 
is Done" (Fig. 7-30). While each stanza might be 
forced to fit the same eight-bar phrase, there are 
numerous places where single syllables would be 
smeared over multiple pitches or single pitches 
would need to accommodate multiple syllables. 
More serious still, there doesn't appear to be any 
single setting that avoids rhythmic awkwardness 
in parts of each stanza. So, each requires its own 
treatment, and yet needs to be as integrated 
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Fig. 7-29. A new solution to the rhythmic problem posed in Fig. 7-27. 
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Fig. 7-30. A rhythmic setting for Longfellow's роет, “The Day is Done" (© 1978 Jaxitron). 


musically as it is poetically. Here is an example of through significant ones. The test for practicality 
a setting for the first three stanzas. Each is treated is to see if the words make sense when spoken in 
as similarly as seems possible while avoiding un- this rhythm, possibly with a bit of rubato or an- 
due stress on "unimportant" words or rushing  ticipation where such interpretation seems fitting. 
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The nature of rhythm is such that we can see a clear 
difference between techniques for generating raw 
rhythmic material and for selecting motifs to be 
used in a finished product. With the other musical 
components, selection and generation are not 
always so distinct. It would be stretching a point 
to say that one selects a method of generating a pat- 
tern, yet for melody and harmony, such a pattern 
is often useful directly as thematic material no mat- 
ter how abstract its origin. In fact, we will see later 
that techniques for selection of those components 
can indeed be modeled on purely numeric methods, 
so that whether they are selected or generated 
becomes a moot question. 

In this chapter I want to show methods that can 
be considered generating techniques. "Generating" 
is clearly the right word because there will be no 
musical goal in mind. In the past it was not uncom- 
mon for a patient and careful musician to derive 
tables of numbers, convert them into musical nota- 
tion, and sell them as finger exercises, instrumen- 
tal studies, and catalogs of scales, melodic patterns, 
harmonic structures, and harmonic progressions. 
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Today, a few lines written in APL can produce 
volumes of such material. À few lines minimizes 
the need for patience and care, and volumes of ma- 
terial places supply so far ahead of demand that the 
possibility of selling the results is also minimal. 
Nevertheless, such programs will provide you with 
unimaginable wealth which you can spend as you 
choose in your own compositions. 


PITCH SCALES BASED ON INTERVALS 


For the moment, let's ignore the psychological 
importance of the octave in musical scales. We can 
construct a scale by defining a sequence of inter- 
vals that does not necessarily “соте out even” with 
the octave. Put another way, a freely chosen inter- 
val sequence might generate pitches that show an 
"interference pattern" with the octave. If we 
choose the interval sequence 2 2 1, and specify mid- 
dle C as a reference point, in the vicinity of middle 
C the scale would appear as shown in Fig. 8-1. 
The function SCLI (Fig. 8-2) will do this for us in 
terms of pitch numbers rather than pitch names. 
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Middle C 


Fig. 8-1. The interval pattern 2 2 1 (referenced to middie C) generates an “interference pattern" with the octave. 


We can call SCLI with a right argument con- 
sisting of any interval sequence whose sum does 
not equal zero. For example, 


SCLI 221 


will construct a scale centered on zero (assumed to 
represent middle C) in which the given intervals re- 
peat so as to fill a range from five octaves below 
zero to five octaves above. The scale, consisting of 
numbers rather than pitch names, will be stored in 
the global variable named SCL. Because this is such 
a long numeric vector (spanning ten octaves!), the 
function explicitly returns the index of the value 
zero (middle C) in the vector. The function makes 
use of a predefined global variable named 
TONSYS. This is a scalar declaring the number of 
tones per octave in the tuning system. For all our 
work in the MT idiom, TONSYS is set to 12. 

The effort required to read a list of ten-octave 
scales is not much less than that needed to sing 
them. Figure 8-3 is another short function devised 
to limit the range of the scale to be displayed. Now, 
typing 


v ZeSCLI 


XTONSYS)#+/I)pI 
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Fig. 8-2. Function SCLI creates a ten-octave scale based 
on the sequences of intervals in the vector |. 


71.5 SHOWSCL 3.33333 


will show us that part of SCL within the range from 
one and one-half (- 1.5) octaves below zero to three 
and one-third (3.33333) octaves above. 


CONVERTING NUMBERS TO PITCHES 


Before going on, one further convenience must 
be introduced because, as sure as computers can 
compute, numbers can numb. Figure 8-4 shows the 
functions and global variables I used to translate 
from numbers to pitch names in the examples to 
be shown. 

N2P is mnemonic for converting Numbers to 
Pitches. The right argument used in calling this 
function can be any list of pitch numbers. That list 
will be converted to a similarly shaped array of 
pitch names. Included in the output will be certain 
numeric indicators for clarifying the octave posi- 
tion of the notes. (We'll see exactly how this works 
Shortly.) The function N2NP was cloned directly 
from N2P so as to produce the same results with- 
out any octave information. (Note: Though 
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Fig. 8-3. Function SHOWSCL displays part of a scale within 


a given range. 


79 


9 KNENDF A;N;O; KD; KF;FLDS; ORHO;T 
8070 
241,1, % 0 9 

KN¢TONSYS ІМ 
KDeLN=TONSYS 
ОС СТА vpn), 3 4KD 
крекр- (0, © 7+ 4KD) 
KF¢ (KF X ( |K' L/IKFEKNo NUM » x (pNUM pl o, TONSYS 
KFeCiztNENKEZODXKF. 
КРЕСТУ KF) C, КРО), KF 
KFeCOKFSTONSYSO)XKF. 
KNCNTSENUM YKN-KF 1 
FLDSeA4+[/, КЕ 
ORHOc^7tf^pKMN 
КМЄС Ур), ORHOXFLDSO BC, КМУ, ( (p KN), 7 TFI 
N2POUT + 


" &;N;O;KD;KF,FLDS; ОКНО T 
»,00/0 
241,1,p60 9% 
KNETONSYS | М 
KFeOG x CIKFOCLZIKFeKNo NUM) X CoNUPD 91), TONSTS 


KF. Ci -NH NKF ON 

KFeCC E pKFOpC, KI 

KF+(KF#TONSYS)XKF 

KNCNTSUNUM NK 

A FLDSe4ae[/, 1K Б NEXT STATE T MITH THIS 
A IF TONSYS 15 Ë . ГО 12 

FLDS+5 

ORHOET1#PKN 

Me COTE VeKND , ОКНО ООР С, КМ), ССр, KD, 1 ^FLDSD pt ' 
N2FOUT © 


N2FOUT Z 

170 

+(L1,L2)CFLD 1 

Li KNC; I+f+FLDSxY0RHOJe( 4 0 $ NFORSO[CKES 
KFeOXKFOXCKFÉQ2x 1*[KF 

ЭО 2,LI)ECFLDS-ADOIeIM M] 

L2:KN€' „KN 

320 

KNE;FLDSxi7 teKD Je CE VDGTSO[ KD] 


Fig. 8-4. Functions and variables for translating numbers to pitch names. 
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reference to certain local variables was removed 
from N2P to form N2NP, I neglected removing 
them from the header.) N2NP stands for Numbers 
to Nominal Pitches. These are the only two names 
a user need be concerned with. Both functions call 
N2POUT to display the results, and all three func- 
tions rely on the global variables TONSYS, NUM, 
FORS, and NTS being in the form shown. NUM 
contains the numeric equivalents of the pitch names 
in NTS. Flats or sharps are indicated by the two 
arrow characters in the variable FORS. (Early in 
the game, the # and b were not available.) 


SCALES BASED ON 
INTERVALS IN A FIXED RANGE 

Recall how the function named RHM repeated 
a microrhythm to fill a specified total duration. A 
similar algorithm can restrict an interval sequence 
so that it just fills one octave. Repetition of that oc- 
tave will then produce a scale that sounds more con- 
ventional simply because the “same” notes appear 
in every octave. However, letting convention guide 
rather than guard our methods, we might choose 
any range to limit the repetition, not necessarily an 
octave. That is, suppose we had a function that 
would repeat an interval sequence, I, until it filled 
a total interval, T: 


| ВАКТ 


We could then use that bounded sequence as 
the right argument of SCLI to repeat the limited 
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sequence over ten octaves: 
SCLI | BRK T 


If T were 12 and I contained 2 2 1, ВАК would con- 
struct 2 2 1 2 2 1 2, and SCLI would use that for 
creating the ten-octave scale. But it would be easier 
for a user to remember and to write the form: 


T SCUTI 


to do the same thing. The function, SCLIT, wouldn’t 
really do all this; it would simply use BRK and SCLI 
as indicated above to carry out the process. The 
necessary functions are listed in Fig. 8-5. 

To state the case mnemonically: To build a 
scale (SCL) based only on an interval sequence (Т), 
use SCLI with the sequence of intervals as the 
(right) argument. To construct SCL based on an in- 
terval sequence and a total limiting interval (T), add 
“Т” to the name of the function and include the 
total interval as a left argument: 


т SCLIT | 


CATALOGING SCALES 

Noting that I and T need not be commen- 
surable, T need not equal the number of pitches in 
an octave of the tuning system, and the number of 
pitches per octave (TONSYS) need not equal 
twelve, you may wonder how many scales can be 
created. To generate different scales using SCLI, 
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Fig. 8-5. Functions SCLIT and BRK build pitch scales based 
on interval sequence in vector | that repeat over a total 
interval, T. 


different interval vectors are needed. Conventional 
Scales usually contain only the intervals one and 
two, so we might consider how many interval vec- 
tors can be created using just these values. 

If the vector can have only one entry,there are 
two possibilities, 1 or 2. Allowing two intervals, we 
see four different vectors: 


11,1 2, 2 1, 2 2. 
Similarly, three elements admit eight vectors: 


111,112,121,122,211,212,221, 
222. 


Tn general, vectors with N elements can be set up 
in 2*N (two to the Nth power) ways. Even if we 
account for the fact that a vector of one length may 
produce the same results as some shorter vector, 
there will be an abundance of unique results remain- 
ing. And now, if we forget about convention and 
permit any pair of intervals (1 and 3, 2 and 3, 1 and 
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4, 2 and 4, 3 and 4, . . ), each pair will generate 
as many results as the original 1 and 2. 

Accepting any three values for the scale in- 
tervals 


023,124,4134125,135,145,24 
5,...) 


increases the variety to 3*N sequences with N en- 
tries for each triplet of values. And for N elements 
allowing M different values, each M-tet will have 
M*N different vectors. The need for some sort of 
bookkeeping should be apparent here. Knowing 
that two intervals can give rise to 128 different 
seven-interval scales is not of much value without 
a way to keep track of those scales. And so the func- 
tion ELEMENTS, listed in Fig. 8-6. 

Now the seven-number vectors generated from 
the integers two and five can be called forth using: 


7 ELEMENTS 2 5 


This will cause all the combinations to be com- 
puted. À different vector of twos and/or fives will 
be set in the variable Z each time the function ex- 
ecutes the statement labeled L1. The very next line, 
beginning with the “lamp” symbol, can be replaced 
with any statements you choose to convert the Z- 
vector into a scale and display it. For example, 
replacing that line with 


R-SCLIZ 


uses each Z as a kernel for constructing a ten-octave 
scale. Inserting directly after this the statement: 


-2 SHOWSCL 2 
will display the four central octaves of each scale. 
Actually, only the pitch numbers would be shown. 


To catalog the pitch names , the inserted statement 
could be changed to 


N2P -2 SHOWSCL 2 


or 


v N ELEMENTS I;D;GD;RGD;Z 
RGDepGD+IT 411 


Deo 


L1:ZeGDE(GIPpRGD) TD] 
AINSERT STATEMENTS USING Z HERE. 
+ CCRGDAN) >DED+4) 4L 1 


Fig. 8-6. Function ELEMENTS generates all number strings of length N containing combinations of the numbers In 1. 
Additional statements may be inserted in place of the one beginning with the “lamp” symbol to treat the strings as desired. 


N2NP -2 SHOWSCL 2 
or even 
(TZ), % N2P -2 SHOWSCL 2 


The last example would prefix to each scale the Z- 
vector that generated it. 


CONVOLUTED AND SYMMETRIC SCALES 


SCLI and SCLIT do not produce different sets 
of scales. An informed user could devise an inter- 
val sequence for SCLI and a related sequence plus 
a "T" interval for SCLIT that would cause both 
functions to produce the same scale. Then why 
have both available? With two algorithms, the com- 
poser can use different approaches to the problem 
of creating scales. SCLI lets him think in terms of 
single sets of intervals. By adding one control ра- 
rameter, SCLIT makes it easier for him to show style 
in his use of scales—that is, to create related pat- 
terns in different scales. One sequence of intervals 
with different total subintervals (T) will create a 
“family” of such scales. The same T value coupled 
with different interval sequences will produce dif- 
ferent scales in which only the interval of repeti- 
tion is the same. If that interval is not an octave, 
subtle effects of a stylistic nature can be achieved. 

But there is no reason to limit ourselves to just 
two methods. In fact, after working with them for 
a while, at least two situations will arise that sug- 
gest the need for another form of stylistic control. 
Both situations arise from patterns of intervals that 
turn back on themselves. 


Starting with middle C, the sequence 2 -1 -2 
2 will produce 
CD С} BCE DCD E E CU E F. 


Embedding this pattern within a ten- octave scale 
can confuse the composer as well as his listeners. 
On viewing the middle range of such a scale, it is 
not immediately apparent whether the basic se- 
quence (the stylistic kernel) begins on the C shown 
above, on the next C seven pitches later, or on the 
previous one (not shown) which would be two 
pitches earlier. 

The other situation occurs when one chooses 
a pattern that happens to end just where it began. 
This means the intervals add to zero, and so can- 
not be used at all. The technical reason for ban- 
ning such a sequence lies in statement [1] in SCLI 
were division by + Л will cause a domain error” 
message. The logical reason stems from the idea 
of repeating the sequence of intervals until it fills 
a larger interval. 

The algorithm listed in Fig. 8-7 consisting of 
the functions SYMSCL and FRCTN provides an- 
other approach to the formation of “scales” and also 
solves both the preceding problems. FRCTN merely 
serves to reduce the fraction 


(TONSYS | T) + TONSYS 


to lowest terms. SYMSCL will produce the pattern 
of intervals (I) beginning on zero. The pattern will 
be repeated T units away from middle C and 
repeated again another T units away. These repeti- 
tions continue until the pattern would again begin 
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Fig. 8-7. Functions SYMSCL and FRCTN create “symmetric” scales. 


on C (any multiple of TONYSYS away from zero). 
If T is set equal to the number of pitches in an oc- 
tave, only one cycle of the pattern will appear. Any 
other value for T will produce опе of Schillinger's 
"symmetric scales"—hence the name SYMSCL. 
That is, for T equal to 3, the basic interval sequence 
will begin on C and be repeated successively begin- 
ning on Eb, Ff, and А. T values of -3, 9, or 15 
would give the same results except that the start- 
ing notes of the successive subcycles of the pattern 
would be permuted, undergo octave transposition, 
or both (Fig. 8-8 and 8-9). 

Here, T equals four, so repetitions occur start- 
ing on E and Ab (Gt). Notice also in this first ex- 
ample showing use of the function N2P, the pitch 


SYMSCI 
^" 1 


ы 
3 10 


в HFA 
Gt +íD+ 


Ct 


names displayed are preceded by “0:” indicating 
that the following pitch lies in the octave that starts 
on middle C. Subsequent pitches also lie in this 
same octave until another number appears. The 
fourth pitch (A) is preceded by “-1,” indicating 
that the following note(s) are in the next octave 
below the previous one. The appearance of “+1” 
two pitches later takes us back to the middle oc- 
tave where we stay until another such numeric in- 
dicator appears. 


FROM SCALES TO CHORDS 


Any traditional seven-note scale contains tradi- 
tional triads—three-note chords built in thirds above 
a “root” or root tone (Fig. 8-10). 


5 7 8 45 43 5 
52 

c+ 
TEF 


D+ 


G 


Fig. 8-8. Using function SYMSCL directly and as an argument of N2P. 
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Fig. 8-9. Musical result showing the ‘scale’ produced in Fig. 8-8. 


The algorithm that is stored in a musican's 
mind and lets him extract chords from a scale goes 
as follows. The notes of the scale are numbered 
from one to seven. À triad built on the root whose 
position in the scale is one will contain one, three, 
and five of the scale. Similarly, if the root is two, 
the chordal notes are two, four, and six of the scale. 
An expression in APL that will show all the triads 
in such a scale can be written: 


SCALE IC) °. 2x «3] 


This would create a list of seven rows and three 
columns showing the pitch numbers that make up 
the triads built successively on the pitches in 
SCALE. For a C-major scale, SCALE would be 0 
2457911. The above expression would use the 
seven sets of scale indices shown in Fig. 8-11 on 


the left to produce the array of pitch numbers 
shown in the center, implying the notes on the right. 

Having captured the traditional logic, we can 
restate it in a more general form and see where it 
leads. The simplest way to do this is to consider 
all numbers in the expression to be parameters. (A 
parameter is a constant value in one situation, a dif- 
ferent value in another.) 


SCALE[N|GN) ° . + E x :5] 


With N equal to 7, E equal to 2, and S equal to 3, 
this expression is identical to the previous one. But 
now N is generalized to mean the number of tones 
in the scale and need not be restricted to one oc- 
tave, E is an expansion factor (E equals 2 implies 
successive chordal tones are two scale tones apart), 
and S is taken as the number of notes in a chord 


Zo 
= 
% 20—20 
a © =” 
1 2 3 4 5 6 7 1 2 3 4 
zs 
5—6 7—1 
0 ЕЕ 


Fig. 8-10. The conventional triads contained in a C-major scale. 
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SCALE Indices 
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Fig. 8-11. Seven sets of scale indices produce pitch 
numbers, which in turn imply the pitch names shown in the 
right column. 


structure. Now, each setting of N, E, and S will pro- 
vide a list of structures, and each setting may be 
applied to any scale we might create. 

To clarify the effect of E on the C-major scale, 
still keeping S equal to 3 and n equal to 7: 


E=1 produce the “triads” (C D E), (D E F), 
(EFG),... 

E-2 establishes (C E G), (D F A), etc. as 
already shown 

E-3 implies (C F B), (D G O, (E A D), 


E=4 causes (С С D), (DA E, EBF). 


and so on. Of course, all this can be, and has been, 
put in functional form (Fig. 8-12). 

Here, XPND accepts as arguments a scale on 
the left and a two-element vector containing E and 
S values on the right. The number of entries in the 
scale establishes the value of N. In the example 
shown, SCLIT creates a ten-octave scale with mid- 
dle C having an index of 45. Then SCL[45 + 19] ex- 
tracts a nine-tone scale for the left argument. Right 
arguments of (2 4), (3 4), and (4 4) produce four- 
note chords in expansions of two, three, and four. 
Notice that when E equals three, the first and fourth 
notes of each chord are the same. This would not 
happen for seven-note scales, seven being a prime 
number while nine is divisible by three. 


CHORDS BASED ON INTERVALS 
Like scales, chords can be derived directly from 


B6 


chromatic intervals. Figure 8-13 is a function named 
after Schillinger's sigma structures" for doing just 
that. Typing SIGMAS 3 4 causes this program to 
derive all chords containing only unique pitches 
separated by intervals of three and/or four 
semitones. As if too lazy to print the entire catalog 
of such structures, the program asks the user to 
state the size of the chords he wishes to see. By 
entering the vector, 4, 9, we are requesting just 
enough exertion to show us all the four-note and 
nine-note structures that contain the given intervals 
(see Listing 8-1 at the end of the chapter). 

Though only on the fringe of tradition, serial 
or twelve-tone music antedates computers and so 
cannot be blamed on them. Hence, I see little dan- 
ger in a short demonstration. After modifying state- 
ment [15] to ensure that a line of output would fit 
on a standard page, I learned there are four twelve- 
tone structures containing only major and minor 
thirds. Serious serialists should not read anything 
occult into the fact that all four happen to be 
palindromic—the interval sequences read the same 
forwards and backwards. For structures limited to 
three, five, and/or six semitones, I found 92 twelve- 
tone constructs. Sadly, this could not be pro- 
grammed to fit on one page, and it didn't seem 
worth the effort to try outwitting a printer that 
refused to avoid the perforations between pages 
(Listing 8-2). 

Another way to assemble harmonic structures 
from intervals relies on what Schillinger called 
“harmonic strata." As the term implies, layers of 
small structures are superimposed to form a total 
structure in this technique. One specifies the 
number of strata, the intervals allowed in each 
stratum, and the permitted intervals betwen strata. 
Listing 8-3 is a catalog of 324 structures resulting 
from the case where the lowest stratum has the 
three possible forms shown in the first line of Fig. 
8-14. The middle stratum (the second line) has three 
more, and the upper stratum (the third line) has six. 
The intervals separating (adjacent tones in) the 
lower two strata are either six, seven, or eight 
semitones, and the separation for the upper pair of 
strata is either four or five semitones. 

Following the notes of each structure shown in 
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Fig. 8-12. The XPND function and an example that creates a scale using SCLIT and then extracts four-note chords in 
expansions of 2, 3, and 4. 


87 


TOMAS 
NTER 


TiK;A; 
VECTOR OF 


Je2 

Atn Q 1 pÍ 
1:Ze(2 4 O 86, € 
ZeCCx/24p2), itp 
KeCTONSYSX +K 
Ze(AZ[91 
% SOL 
60p'x' 
3(0=p7)/0 
(vítoZ),' SIGMA 


(FZ), C [1 2, МОМЕ 
L2:3CJe[/$)/0 
AtZ 

э (TONS YS 


E171 
[181 


PATATE 


Siz 


SIGMAS TO BE LISTED' 


11 %% pIDpI), (Cpl), pA PA 
7292 

«ТОМУ |54,2 
ATONSYS De L Z 


t etr ENS 


ізме Z 


9979971 


Fig. 8-13. Function SIGMAS builds all chords of particular sizes containing just the intervals in |. 


Listing 8-3 are a pair of numbers. The first of these 
gives the number of unique pitch names in the total 
chord. The second measures the tension of the 
structure. All the chords have been sorted in order 
of increasing tension. The topic of tension is too im- 
portant to describe incidentally under the heading 
of "Raw Material." It will be presented subse- 
quently in its own right. Let me just add here that 
these tension assignments were based on particular 
assumptions about the instrumentation to be used 
for each stratum. Different assumptions could rear- 
range the order of the structures somewhat, but I 
think you'll find on playing them as written with 
piano or strings that the idea of "increasing ten- 
Sion" does indeed come across as you progress 
down the list. 


SELECTION SCHEMES BASED ON ARRAYS 


The sample techniques shown above were said 
to be based on intervals. In a broader sense, they 
were based on numeric vectors. Other methods, still 
based on vectors, could be shown for cataloging 
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scales of tone color or structures of synthesizer 
control settings. There are elements of composition 
that are just too involved to be controlled by a single 
set of values, however, so instead we will turn to 
more complex techniques for generating raw ma- 
terial. 

Schillinger prescribed a direct way to generate 
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Fig. 8-14. Allowed forms for the lowest, middle, and upper 
strata (top, second, and bottom lines, respectively) depicted 
in Listing 8-3. 


harmonic continuity using two sequences of 
numbers. The composer defines a set of chord 
Structures and assigns an identifying number to 
each chord. This allows a single element of one vec- 
tor to select a chord while the corresponding ele- 
ment of a second vector governs the choice of the 
root tone for the chord. As elements of both vec- 
tors are cycled simultaneously in this way, a har- 
monic sequence emerges whose length depends on 
the lengths of the two vectors and on the “іп- 
terference" they generate between structure types 
and root tones. When first introduced to this pro- 
cedure, composers are fascinated by the unex- 
pected and unusual nature of the resulting harmonic 
continuity. But with experience comes the realiza- 
tion that the two arbitrarily chosen vectors cannot 
give the composer a satisfying degree of stylistic 
control. 

A revision of Schillinger's method, using an ar- 
ray instead of two vectors, can restore the com- 
poser's control over his style. First, as Schillinger 
suggested (though in different terms), an array is 
established in which each row constains the inter- 
vals of one of the chosen harmonic structures. 
Notice, in choosing these structures, one aspect of 
the style becomes fixed. Say we set HS equal to 
the array 


aA Qd 
* دت د‎ 


The entries here are intervals, so the first three 
rows define what are normally called major, minor, 
and augmented triads. The last row specifies a triad 
built of two perfect fourths. By adding a third col- 
umn (interval), we could describe four-note chords. 

Now, departing from Schillinger’s procedure, 
the composer is to construct another array which 
will determine the other component of style. Just 
as the above array shows the composer’s choice of 
chordal types, this new one will exhibit his 
preferences for the ways that chords may be con- 
nected in time. Suppose we set PREF to the array 


The first two columns refer to row indices of the 
structure array (HS), and the last column describes 
a root-tone motion. The first row here implies that 
a structure of the type in row zero of HS may go 
to one of the type in row one if the root tone moves 
down four semitones ( a major third). The second 
row allows the kind of structure in row one to be 
repeated if the root moves down four semitones. 
If the root moves up two semitones, the third row 
permits the type of chord in row one to change to 
the type in row zero. 

Even with such small arrays, we need a pro- 
gram to maintain the proper synchronization of 
elements in the total procedure. At times the com- 
poser will want to give priority to certain root-tone 
movements. At other times his thoughts on the 
ordering of consecutive structures will predomi- 
nate. There is even a chance that he may want to 
play Schillinger's game at other times by describ- 
ing both sequences simultaneously and in- 
dependently. In the latter case, the PREF array 
plays no role. But in either of the other situations, 
the program will begin at the top of the PREF ar- 
ray and work downward until it finds the first row 
that will satisfy the current root-tone motion or two- 
Structure sequence. In compositional use, both ar- 
rays can be altered from time to time in various 
ways. (We'll demonstrate this later. But for 
cataloguing, their forms should be fixed in order 
to collect the complete root/structure sequence 
implied. 

With three ways to define sequences (by struc- 
ture, by root, or by both simultaneously), you might 
expect to require three programs. But the existing 
limits on my talent for selecting mnemonics, not to 
mention the limits of my memory, made it 
necessary to introduce a fourth. All I need to 
remember now is the name HCON, suggesting Har- 
monic CONtinuity. The functions are listed in Fig. 
8-15. 

After typing HCON I ask myself, in my 
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v HCON;CYC; STR; IRC; IRS 
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C3] сүсе,П 
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Fig. 8-15. A sat of functions for creating sequences of harmonic structures. 


typically laconic way, to “ENTER CYCLE VEC- 
TOR." When the programmer and user are the 
same person, such behavior goes unnoticed, but 
now [ must explain that message. The program 
Should be asking the user to enter a numeric vec- 
tor whose elements will specify the intervals be- 
tween successive root tones. If you were to type 


78 4245. 


assuming the initial root to be C, you would be con- 
structing the root tone sequence 


CAF G E Ab FD Eb B E Ct A B G C. 


After cycling over the vector three times, we ar- 
rive back at the first root, С. If, instead of comply- 
ing with the program's request, you entered an 
empty vector (.0), the program would assume you 
want to describe only a sequence of structures leav- 
ing the algorithm to select the root-tone intervals. 


But to do so, it must have a starting point, and so 
it asks for an “INITIAL ROOT AND DFLT CYCLE." 
For an initial root tone, you must enter an integer 
representing the pitch (zero for C, one for Сё, etc.). 
This must be followed (on the same line) by another 
integer which will be used by default for the root- 
tone motion whenever the PREF array fails to ac- 
count for consecutive structures. 

In either case—whether you have selected a se- 
quence of root-tone intervals or just an initial root 
tone and a default interval—the program will then 
ask you to “ENTER STRCTR VCTR,” meaning 
that it expects a sequence of row indices referring 
back to the harmonic-structure array HS. It will also 
accept an empty vector here in case you want only 
your root-tone intervals to be in control. Now, it 
must check which logical path is to be taken. If a 
sequence of structures has been entered, it 
branches to L2, where you are asked to confirm that 
you want to continue. If you press the Return key, 
meaning that you do wish to go in, it must then 
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decide whether to call CSHCON to compute the 
results based on the simultaneous use of both vec- 
tors, or to call SHCON so that the initial root and 
cycle, the structure vector, and the PREF array will 
be used to compute a harmonic continuity. 

On the other hand, should the structure vector 
you have just entered be found empty—meaning 
you typed .0—the program must now test to see 
whether a sequence of root-tone intervals exists. If 
it, too, is empty, you will be informed “THERE 
MUST BE AT LEAST ONE SEQUENCE” and then 
find yourself back at the beginning being asked to 
"ENTER CYCLE VECTOR." But if root-tone inter- 
vals have been specified, you will be asked to en- 
ter an initial root tone and structure ("ENTER 
INITIAL RT AND STR"). This structure will serve 
for the first chord as well as a default structure 
whenever PREF cannot satisfy an interval 
specification. 

Each chord in the calculated continuity will 
then be spelled out on a separate line. When one 
cycle of the input vector(s) has been used, the pro- 
gram will wait for a signal to continue or stop. If 
an empty line is entered, another cycle is calculated 
using the end of the previous one for reference. 
Entering any character will end execution. 

The arrays, HS and PREF, given above were 
used to generate the page of output shown in Fig. 
8-16. (Compare this with the harmony of the exam- 
ple shown in Fig. 7-21!) 

I mentioned the possibility of having additional 
columns in the harmonic-structure array HS. In 
fact, HS can hold structures containing more 
pitches than desired for single chords. (We'll see 
why when we take up tonality.) A row of HS with 
the entries 4 3 4 3 4 3 would represent this seven- 
note structure: 


a 


== 


Now, a pitch-selector array, PS, can be selected 
to limit chords to the desired number of voices. For 
example, we might construct PS so that eight dif- 
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ferent four-note chords could be extracted from a 
seven-note structure: 


PS = 


A root tone R and a row of HS, say the Ith row, 
would define a seven-note structure through the 
operation: 


+ SNRHSIE] 


The Jth row of PS would narrow this down to the 
chord: 


(+ А.Н РЗ] 


Using each row of the pitch selector successively 
on the structure shown above would create the 
Chords shown in Fig. 8-17. 

To allow simultaneous selection of harmonic 
structure, chordal tones, and root progression, a 
third vector could now be incorporated into the pro- 
cedure. You will need new HCON functions and 
preference arrays to account for the various rela- 
tionships you want between the vectors. That is, 
you might define a single vector and then use a 
PREF array to select both of the remaining 
elements. Or one PREF array could select one of 
the elements and a different array the other. Notice, 
you could relate structures and cyles in one array 
(as above), structures and chordal tones in another, 
and even cycles and chordal tones in a third. Call- 
ing the three vectors A, B, and C for simplicity, you 
could define A and then choose either the array that 
relates A to B or the one connecting A to C. If the 
first were selected, you would then need to decide 
whether to use the PREF array that derives C from 
A or the one that gets C from B. In addition, you 
could define any two of the three vectors and de- 
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Fig. 8-16. An example using function HCON. 


rive the third from either or both of the given ones. 
You could also select Schillinger's approach by 
defining all three vectors, thereby letting the com- 
puter carry out the accounting without the control 
over style afforded by PREF arrays. 

Instead of or in addition to the pitch-selection 
vector, you could use a voicing selector. VS might 
have the form; 


120 
201 
210 


PRESS RETURN TO CONTINUE, NON-EHLANK TO QUIT 


implying the use of three-note chords. The entries 
in each row determine the way the voices in one 
chord are to move to those in the next. The column 
index of an entry applies to a tone in the first chord, 
while the entry itself determines the tone to which 
the first one must move in the next. Thus a one in 
column zero says that the voice playing the zeroth 
entry in the last harmonic structure will next play 
the note whose index is one in the new harmonic 
Structure. The first line of Fig. 8-18 shows the first 
seven chords from Fig. 8-16 transcribed directly 
(without voicing) to notation. The second line con- 
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Fig. 8-17. A seven-note structure containing the intervals 4 3 4 3 4 3. 


sists of the same chords after applying the rows of 
the voicing selector array shown above in sequence, 
1.е., row zero is used to go from the first chord to 
the second, row one for the transition from the sec- 
ond to the third, row two for the third to the fourth, 
back to row zero for the next chordal change, and 
so on. 

Notice that PREF arrays can now be used to 
relate root-tone interval, chord structure, and/or 
pitch selection to voicing selection! Each gives a dif- 
ferent kind of control over style. But most impor- 
tant, catalogs of such material appear to be 


"selected" rather than generated“ because of 
their stylized contents! 

There are other possibilities that can be treated 
in much the same way. The one that immediately 
comes to mind plays a major role in style patterns 
of accompaniment. But this would take us further 
into the subject of orchestration and far ahead of 
the topics of composition yet to be discussed. 
Before you begin pondering the other possibilities, 
it would be wise to think about other methods of 
your own design for collecting the kind of material 
described above. 
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Fig. 8-18. The top line shows the first seven chords produced by function HCON in Fig. 8-16. The second line illustrates 
applying consecutive rows of the voicing selector array to the chords on the top line. 
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Listing 8-1. Using function SIGMAS to find all four-note and nine-note chords containing only major and minor 
thirds. 
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Listing 8-2. Finding all 12-note chords bulit In thirds (3,4),and in minor thirds, perfect fourths, and augmented 
fourths (3,5,6). 
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Listing 8-3. Catalog of all 324 structures formed from the strata shown In Fig. 8-14,sorted In order of increasing 
tension. 
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с Gt D Gt ct Е с^ c 5 11 
с Gt D G^ C^ F Gt B 6 1211 
c А D^ А D Fe A Ch 6 124 
c Gt Dt Gt D F^ B D+ 6 1212 
C A E At D с C D 4 1212 
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Melody holds a special place in the hearts and 
minds of people in most cultures—so special that 
what follows will arouse as much controversy as 
any commentary on politics or religion. But what 
follows is not exactly opinion; it is a demonstration 
and explanation of a hypothesis. In the arts, as in 
the sciences, hypotheses lie behind all creative 
work. Also, in both fields, the value of a particular 
hypothesis depends on its being self-consistent and 
not on its being true. In this spirit, I intend to 
explain and demonstrate a hypothesis on melody 
and not to pontificate as to the "truth" about 
melody. 

Melody is as much a succession of pitches in 
time as is tapestry a sequence of fibers in space. 
Patterns of temporal and harmonic form are re- 
quired to weave pitch strings into an appealing fab- 
ric. Serious composers seek patterns that are 
complex or subtle to some degree beyond the cur- 
rently acceptable norm. That mean level of accep- 
tability is embedded in the popular or folk music 
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of a culture. In our society, a number of subcultures 
coexist, and economic pressures promote certain 
styles more than do esthetic pressures. To write 
in any one style, a composer must either know 
precisely which patterns are appropriate, or else be 
so limited in experience that only those stylistic pat- 
terns exist in his musical vocabulary. What an in- 
dividual considers "meaningful" in any component 
of an artform, or the way his scales of preference 
rank the various styles, depends entirely on his ex- 
perience with the patterns involved. But more later 
on why this is so. 

Restricting our scope to the MT idiom does not 
create a firm base for esthetic reference. A melodic 
event of charming interest to one listener may seem 
insipid to another. À different event will engage the 
interest of the latter listener but appear chaotic to 
the former. For listeners at one end of the spectrum 
of experience, music and melody are practically 
synonymous—assuming that melody (and not just 
the lyric) is “heard” at all—and, if melody is to be 


recognized as melody, it must be highly tonal.“ 


TONALITY 


Tonality is a property of music in which a key 
or “flavor of a scale” is obvious. At the avant-garde 
end of the listeners' spectrum, tonality is a synonym 
for banality. To approach a middle ground where 
no listener should be too dissatisfied with the 
demonstrated melodies, I will use tonality as the 
key to compromise. In the most traditional sense, 
tonality is an enduring property of a melody, such 
that a listener never loses the tonality of a strain 
even though any number of chord changes may 
occur. 

Over time, tradition has yielded to experience 
by allowing modulation to take a melody from one 
key to another and still be perceived as tonal. Fre- 
quently such modulation takes place only in the har- 
mony (the chords that “harmonize” the melody); 
the key signature of the piece does not necessarily 
change. 

Still later developments extend this trend by 
eliminating key signatures altogether and decreas- 
ing the length of time during which one “key” must 
exist. This makes tonality a property of 
Simultaneous collections of pitches. Such a 
collection—a chord and the melodic tones it 
harmonizes—need only have a recognizable fla- 
vor." I will not limit such flavors to the traditional 
ones such as major or minor. In later chapters, I'll 
clarify the idea of flavor by quantifying the concept 
of tension. 

While such ideas may strike the nonmusician 
as totally abstract and detached from his everyday 
experience with melody, it is a fact that he would 
find it difficult to recognize his favorite melodies 
without sensing the presence of their “correct” 
tonalities. Tonalities are structures of pitches, but 
I want to concentrate more on that part of my 
hypothesis that claims “‘sensibility” in melody also 
depends on a kind of internal temporal structure 
that can be perceived, at least subconsciously. This, 
too, is quantifiable, but structure of any sort can 
only be adequately described in terms of the 


geometry of the space in which it exists and the 
materials and techniques available for constructs 
in that space. 


MELODIC SPACE 


Melody in the abstract, without considerations 
of instrumentation, dynamics, or any other nuances 
associated with performance, does exist in the two- 
dimensional realm of pitch and time. As is true for 
other dimensions, these have no inherent structure 
until we impose reference grids on them (Fig. 9-1). 
Unlike our treatment of other dimensions, we tend 
to assign reverence rather than mere reference to 
these lines. The horizontal ones do more than 
measure pitch, they represent the "allowed" tones 
in our pitch system or possibly in our chosen scale 
within that system. The vertical lines represent con- 
venient points in time corresponding to a given 
tempo, and all "allowed" rhythms must fit ra- 
tionally (in the sense of rational numbers) on and 
between these metric markers. 

So we see the space of melody is quantized or 
given a microstructure of its own right from the 
start. This microstructure then serves as a stage. 
Our melodies must have a higher level of structure 
in which, like actors appearing on this stage, 
melodic events will be directly observable from mo- 
ment to moment. In a “melodic event," components 
of "motion" along the pitch axis establish and 
develop prevailing harmonies while temporal com- 
ponents of motion do the same for rhythm. 
Melodies also need a still higher level or 
macrostructure in which events are ordered and in- 
terrelated as in a scenario. Contiguous events may 
Show contrast, or they may exhibit relationships to, 
or evolution from, each other. Carrying the 
theatrical metaphor to a comparison of “Sesame 
Street" and Masterpiece Theater," one's 
awareness at the scenario level reflects one's ex- 
perience and maturity in contemplating and 
remembering patterns in this particular “space.” 
Though the listener's mind need only be concerned 
with the patterns, the composer, like the play- 
wright, needs to be aware of the properties of the 
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Fig. 9-1. A reference grid for pitch-time space. 


“space” containing the patterns! 

The pitch and time microgrids seem intuitively 
clear as long as we think of them as defining the 
space of the MT idiom. To understand this space, 
rather than just be aware of it, we need to consider 
it with reference to more general forms of music 
as well as to our sense of hearing. 


TUNING SYSTEMS 


Multimedia artists working with computers fre- 
quently assume that the microgrid for pitch must 
have some natural structure that we can sense, or 
that the grid usually assigned representing the 
equal temperament tuning system is itself natural 
and not at all arbitrary. Another frequent assump- 
tion links the sense of hearing with that of vision. 
Here, different pitches are supposed to be related 
in some way to specific colors or some other visual 
entities. There is nothing wrong with such hypoth- 
eses as long as they are applied in self-consistent 
ways. But it is a pity that so much time and effort 
is spent trying to "prove" them because they con- 
tradict the results of physical experiments, not to 
mention the physical hypotheses that are consistent 
with those experiments. The problem here is that 
the artists involved confuse the patterns they sense 


112 


with the medium or space in which the patterns 
appear. 

The physical mechanisms that produce and 
detect pitch are very different from those that 
generate or respond to light. When the air around 
us carries oscillations roughly in the range between 
20 and 20,000 vibrations per second, our aural 
sense creates in our minds the sensation we call 
sound. When electromagnetic oscillations in an 
unimaginably high frequency range (hundreds of 
trillions of vibrations per second) reach our eyes, 
our minds construct a world containing colors, 
shapes, textures, and so on. If any connection ex- 
ists between the two senses, it, too, is all in the 
mind. Our minds beguile us, telling us that its con- 
structs are fundamental. Even this idea that claims 
“objective reality” is all in the mind is itself a prod- 
uct of the mind. So feel free to hypothesize as you 
like, but remember: Whenever your ideas con- 
tradict what can be tested, compositions based on 
them will probably not seem “sensible” to others 
no matter how correct“ they seem to you. 

There is one aspect to our tuning system that 
might be called “natural.” There is a subtle rela- 
tion between the nature of so-called harmonic 
oscillators and the structure and response of the 


normal hearing mechanism. The lack of in- 
terference between tones whose frequencies differ 
by a factor of two has a universal sensory effect and 
has given many musical cultures a framework on 
which to build tuning systems. Consider the fre- 
quency values: 


110 220 440 880 1760... 


While 1760 is twice as far from 880 as the latter 
is from 440, we find it natural to “sense 
logarithmically” and call each separation one oc- 
tave. Something within us claims each octave 
separation is equal in magnitude. Yet, different 
cultures have subdivided the octave differently to 
form their pitch scales. 

The system considered standard in Western 
music today has a precise mathematical 
formulation—though in practice, such precision is 
intentionally avoided. It is based on raising the 
number two to a rational power using 2*M + 12, 
where M is an integer. Using A-440 as the 
reference frequency, 440 x 2*M + 12 gives the fre- 
quencies of all pitches in the equal temperament 
system. For M equal to three, this gives the fre- 
quency of the note three semitones above the 
reference pitch (C). For a value of negative three, 
the computed frequency corresponds to the Е three 
semitones below A. Notice that when M equals 
zero, the expression reduces to 440 x 1, and for 
M equal to twelve, it becomes 440 x 2; setting M 
to integer multiples of twelve gives the frequency 
of À in different octaves. 

Using computers to generate sound, it is easy 
to experiment with equally tempered tunings that 
use different numbers of pitches in the octave. 
Changing the 12 to a 24 keeps the conventional 
system intact (in that all even values for M reduce 
the fraction) and superimposes a similar system 
"between the cracks" (odd values for M) to pro- 
duce quarter tones. For a sixth-tone system, you 
would use 36 in place of 12, keeping the current 
system but adding two "equally spread" sets of 
such tones between the conventional ones. Of 
course, you can also ignore convention and replace 
the 12 with 11 or 17 or 21 or whatever you like. 


But Га like to suggest an evolutionary approach 
that would not lose the ordinary listener in totally 
unfamiliar surroundings and would not lose the 
composer in totally unfamiliar systems of harmony. 

The tones of various chord structures can be 
taken as fixed reference points in a tuning. This 
takes advantage of our powerfully ingrained har- 
monic sense. For example, suppose the notes C, E, 
and G are fixed. Now between C and E, instead of 
the three conventional semitones, let's introduce 
just two equally tempered notes using 2*M +9 as 
the tuning factor. That is, calling FC the frequency 
of the reference pitch, C, 


FC x 2* 0:9 = FC 
ЕСх2-1 
ЕСх2.2 
ЕСх2»3>9- FE 


(Note: 23-9 = 21-3 = 24-12 = FE, where 
FE is the frequency of the pitch, E.) Similarly, be- 
tween E and G we might interpose three in- 
termediate tones to replace the two conventional 
ones by breaking the minor third (2*3 + 12) into four 
parts: 


FE x 2 * (3+12) х 0+4 = FE 
FE x 2 * (3+12) x 1 

FE x 2 * (3-12) x 2-4 
FEx2*(3-12 x 3-4 

FE x 2 (3+12) x 4+4 = ЕС 


And from G to the next C, three more pitches could 
replace the conventional four using: 


FG x 2 * (5+12) x 0+4 = FG 

FG x 2+ (5+12) x 1+4 

FG x 2» (5+12) x 2+4 

FG x 2 • (5+12) x 3+4 

FG x 2 * (5+12) x 4+4 = 2 x FC 


We would now have an eleven-tone system based 
on and preserving the flavor of a particular triad. 
This could be used as the tuning system or as only 
one tuning in a system where each harmonic struc- 
ture carries its own pitch space! 
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To sum up in a general way about the struc- 
ture of the pitch microspace, we can say 
FxL*M +N creates a system in which the inter- 
val between a base frequency F and L times F is 
broken into N parts. And the aspect of logarithmic 
tuning that makes it useful is that we respond to 
those N parts as being equally spaced. This allows 
a given melody to be transposed so as to begin on 
any pitch in the system and still be recognized as 
the same melody. Since there is no reason to argue 
with our senses, we can then associate the tuned 
pitches with a linear rather than a logarithmic grid. 
That is why I drew the horizontal grid lines with 
equal spacing, and that is why we might just as well 
label them as C, Cf, D, etc., instead of using 
numerical values representing unequally spaced fre- 
quencies. 


THE MICROGRID FOR TIME 


In labeling the grid for the time axis, we again 
face the formidable problem of rhythmic notation 
that has harassed generations of musicians. Sup- 
pose we decide to construct the grid so that ver- 
tical lines are an inch apart and each such 
separation corresponds to one beat, i.e., a quarter 
note in duration. If we expect the smallest dura- 
tion we will need to be a sixteenth note, we could 
add subsidiary grid lines at the half-inch marks to 
show where eighth notes will be attacked, or even 
include quarter-inch marks to pinpoint the sixteenth 
notes. But if some sixteenths are to appear in ar- 
tificial groupings where five of them must fit into 
the time of four ordinary ones, four subdivisions per 
inch will prove as awkward as five. Twenty per inch 
would allow a neat fit for all notes, but might pro- 
voke a fit for your optic nerves. And should we 
decide to include eighth-note triplets, we could re- 
quest 60 subdivisions per inch and a microscope. 

Clearly, our ears are more expert at dividing 
time than pitch. If they were equally proficient in 
both areas, we would be able to divide the octave 
as readily as we can divide the beat and so make 
use of different tuning systems simultaneously and 
in sequence. We should not then expect to be able 
to give each “allowed” pitch its own grid line. But 
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our musical sense has not evolved to that point. 
Speech has given us such facility with rhythm, so 
that the vertical lines on our grid need not legibly 
mark every allowed attack time. A convenient unit, 
such as an inch per beat, is adequate for repre- 
senting the temporal grid. The positions of “notes” 
could be approximated visually against such a 
background. But attacks and durations can be ex- 
pressed mathematically to any required degree of 
precision, and we can “see,” whether they are 
drawn on paper or not, how they must fit into the 
time dimension. 


HIGHER LEVELS OF STRUCTURE: 
DESIGN VERSUS ACCIDENT 


With a comfortable degree of understanding 
and control over the elements of musical space, we 
can now turn our attention to the higher levels of 
melodic structure. Sensibility in melody derives 
from the fitting together of melodic fragments so 
as to create a larger pattern of tones which seems 
to be a logical result of the generating fragments. 
The overall shape of the larger pattern needs to 
satisfy certain expectations based on experience. 
This is not unlike sensibility in a novel or even in 
à building. Imagine the gripping suspense of a story 
line in which randomly selected characters appear 
in a random continuity of events, or the magnif- 
icance of a structure engineered by placing what- 
ever piece of hardware happens to be next within 
reach into a position chosen without regard for func- 
tion, geometry, or gravity. In each case there is 
some chance that the result will have appeal but 
it would be the appeal of levity based on the 
pseudosensibility of nonsense! 

Significant new ideas formed in the sciences 
have a way of filtering down to the common 
awareness and triggering responses in the arts. The 
role of randomness in quantum physics is such an 
idea, and its misapplication in the arts will provide 
future historians with at least one humorous anec- 
dote of this century. Over the past few decades, 
serious artists and musicians as well as dabblers 
have tried throwing paints at a canvas and notes 
at a score. Because of the cohesive forces between 


paint molecules, the artist can count on some 
essence of “structure” in his results. The musician 
has no such guarantee. He places himself in the 
position of the alchemist, believing that order in 
method will substitute for order in the materials be- 
ing used. In the Middle Ages it made sense to sup- 
pose that if you mixed enough different substances 
over a long enough period of time, sooner or later 
you were bound to change lead into gold. I say “it 
made sense” because, when you don't know what 
to do and the necessary knowledge isn't even 
available, you might just as well try anything. But 
inanage when the difference between substances, 
elements, and elementary particles is recognized, 
it no longer makes sense. 

"Today there is also knowledge available from 
the fields of thermodynamics or information theory 
that point out the folly of attempting to transmute 
the lead of randomness into the gold of melody. The 
important conclusions and their pertinence to the 
arts can be briefly summarized. Left to themselves, 
things tend toward increasing randomness. To 
achieve or maintain order, effort must be expended. 
Asa result, through experience, order is interpreted 
by our minds as the imprint of intelligence and 
creativity. Our minds constantly look for ordered 
patterns in the information collected by our sensory 
organs. If you understand the patterns required and 
take the trouble to compute the probability of a 
melody being produced by the effortless chances 
of chance alone, you'll find that, for all practical pur- 
poses, plain chance will never even produce plain 
chants. What is it, then, that constitutes order in 
melodic patterns, and how сап it be designed in a 
rational way? 


BUILDING BLOCKS OF MELODY 


In treating rhythm, we saw how style depended 
on developing microrhythms into macrorhythms. 
Melody depends on exactly the same sort of 
development, but there are micropatterns in pitch, 
as well as time, to be considered. A pitch micropat- 
tern might be as uncomplicated as a single tone or 
a single interval. As with rhythm, putting more 


structure into the basic building blocks assures 
more character in results that are based on simple 
developmental schemes such as repetition and per- 
mutation. For purposes of demonstration, I want 
to introduce a more involved sort of micropattern, 
one based on logic, and yet keep things very simple. 

Let's define a thematic motif that is indepen- 
dent of rhythm, so that we concentrate only on the 
patterns of pitch being developed. Without even 
limiting the number of pitches that can be contained 
in the micropattern, although we know it must be 
"small," we might ensure cohesiveness based on 
repetition by saying that every other note, begin- 
nining with the first, must be the same. As an after- 
thought, to force the motif to end on the repeated 
pitch, let's say there must be an odd number of 
notes in the micropattern. 

Now we need an algorithm that will convert this 
abstract motif into observable melodies. I would 
also like to limit the amount of abstraction in the 
description, so let's use specific notes or numbers 
and preserve our thoughts, as they develop from 
this point on, in APL notation. The simplest odd 
number I can think of (that will allow the first pitch 
to be repeated) is three. So we'll initialize a string 
of three notes (0, 0, 0) where zero will imply the 
pitch, C, by writing: 


P-300 


According to the definition of the pattern, the sec- 
ond pitch here, which has an index of one, can be 
altered. Keeping things painfully simple, let's do 
this by adding one to it: 


РИ]  P[1] + 1 


Had we chosen a longer motif, we could also change 
РЗ S 7. . J. 

At any rate, we now have a single musical brick 
and must decide what to do with it. Don't be misled 
by the specificity here; any number of other defini- 
tions could have been used to produce a fundamen- 
tal pattern with or without including rhythm in the 
logic. 
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REPETITION: 
TRANSLATION AND TRANSPOSITION 


The most obvious and constructive thing to do 
with a brick, even if it only exists in time, is 
duplicate it and place the two end-to-end. In APL 
terminology, the beginnings of a melody named M 
can be formed by catenating the three-pitch motif 
P with itself: 


М-Р, Р 


Notice that а rhythm is repeated by translating 
it along the time axis. In the catenation of the pitch 
motif here, we will sense the repetition in time so 
that a pattern of pitches is also repeated by transla- 
tion along the time axis. But a pitch pattern can also 
be repeated with translation along the pitch axis by 
adding a number to it. À musician would say the 
pattern P was transposed up a minor third by the 
expression P + 3. Patterning operations that in- 
volve transposition can be rather complex, but they 
are so useful that, over time, one tends to collect 
them in the form of subroutines with parametric 
control. Suppose, for example, we want a routine 
that will add a given interval or sequence of inter- 
vals, I, to the first N or last (minus) N pitches of 
the global melody, M. I just happen to have on hand 
a function I invoke by thinking, “N Take Melody 
Plus I" (Fig. 9-2). 

Using this, we can combine repetition (in time) 
of all or part of the melody with transposition 
(repetition in pitch). There are possibilities inherent 
in this generalized form of "repetition" that show 
no obvious trace of repetition in the normal sense. 
By writing 


М — М, -1 TMP 1 


v Тем TMP 
КРИ Со, 


E;K 
Jy, lN 


Тектен 


we extend the melody by а single note, appending 
one pitch that is derived from the last note (the 
minus one here) of M by adding the value (plus) one 
to it. So this algorithm for repetition can also 
generate intervals or pitches to connect or extend 
patterns. Here, the added pitch will extend the 
repeated motif and also serve as a connector for 
what follows. If we repeat this entire M-vector, that 
pitch will seem part of a larger pattern. 

As I said, we could use this subroutine to re- 
peat the entire melody transposed through a given 
interval. But there are times when you want the 
repetition to begin on a pitch that can be described 
logically or specifically, but you can't express it as 
an interval. Figure 9-3 is а “one-liner” that will 
transpose the melodic vector V to BeGiN on the 
pitch S (for Start). 

With control over pitch as well as interval, we 
can now repeat the entire melodic string transposed 
through some given interval from some given pitch! 
The expression 


M — M, M BGN -1 TMP 1 


adds to the entire melody (M,) the entire melody 
(M) transposed to begin (BGN) on the note that is 
one semitone higher than the last note of the un- 
transposed melody (-1 TMP 1 again). Repetition 
of the use of the TMP function with identical 
parameters certainly makes it appear to be a 
legitimate part of the patterning in a logical sense. 
It would be nice to believe it also does so in a 
musical sense, but this demonstration must be 
based on reason, not faith. 

The choices for the various parameters cer- 
tainly need not be so uninspired. But I'm trying to 
demonstrate pattern“ as if it could be divorced 


v теу BGN У 
2е(У-УГ 012+ 


v 


Fig. 9-2. Function TMP transposes N pitches in melody M 
through the interval(s), 1. 
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Fig. 9-3. Function BGN transposes the notes in V so that 
they begin on pitch S. 


from the material it contains, and I don't want that 
material to mask the method or to imply any 
musical preconception of the results. 


DISTORTIONS 


So far, we have used simple repetition and 
repetition combined with transposition to develop 
a melody from a motif. In introducing the TMP 
function, I got carried away and inserted a stray, 
but related, pitch which might be classified as a 
distortion, an extension, a connector, or a blunder, 
depending on your outlook and the final result. A 
more contrived distortion should take advantage of 
the distortable characteristics of the logic behind the 
basic building block. 

Remember, the logical description of our motif 
is far more general than the current setting of the 
P-vector would suggest. In terms of that general 
description, a form of distortion comes to mind in 
which the repeated pitches are left unaltered, but 
the "in-between" pitches have successively larger 
intervals added to them. That is to say, given P[O 
123.. 1, where all the even-indexed notes are 
the same, we could add the interval vector 0 ~1 
0 20 730 -4..., so that the tones with even 
indices would still all be the same while the odd- 
indexed pitches would be lowered through increas- 
ing intervals. I used negative numbers here to show 
that "increasing" intervals are not necessarily 
positive; the successive nonzero intervals could cer- 
tainly all be positive or even be made to spiral out- 
ward by alternating their signs. 

Tn the particular case at hand, the motif has 
only three notes. For clarity, I’m going to use only 
the first three terms of the distortion in the follow- 
ing expression: 

M — M. P — (Р BGN -1 TMP 1) + 0-10 


Besides appending the distorted pitch motif to the 
melody, the original motif, P, is purposely being 
reset here (P—) to avoid the “partridge-in-a-pear- 
tree” syndrome in further development. P will now 
contain the original motif transposed so as to begin 
one semitone above the last note of the undistorted 
melody and be itself distorted by the interval se- 
quence 0 -1 0. When we get around to generaliz- 


ing these statements, those three numbers will need 
to be replaced by something like 


((eP) ¢ 01) \ -1 + +P x0. 


Another kind of distortion can use insertion, 
deletion, or replacement. Because replacement 
combines insertion and deletion, let’s substitute 
three or four pitches for the next-to-last pitch in a 
repetition of the last sequence, the “new” P. We 
can make the inserted pitches "dance" around the 
featured (repeated) pitch of the motif with a step 
Arthur Murray might diagram as the upper part of 
Fig. 9-4. 

The circled X marks the starting and ending 
point. Musically, let's say the large paces take us 
three semitones away from the target pitch. In this 
idiom, we must not step on the cracks between 
pitches, so the smaller intervals cannot all be equal. 
Of course, they must be integers that add ap- 
propriately to three, so we'll set them up as shown 
in the lower part of the figure. 

If you recall that the more traditional scales are 
built of the intervals one and two, it will be apparent 
that my choices of the values one, two, and three 
here were not completely arbitrary. The inserted 
pattern should now appear to carry a scale-like 
tonality! Specifically, we can write: 

М - М, (Р[0] + 031 -3 -2), P|0] 
This takes advantage of the fact that, with only 
three notes in the current P-vector, the next-to-last 
Pitch is the only one not necessarily equal to Р|0). 
Tn generalizing for a longer motif, we will probably 
use the form: 

M - М, C2 1 P), (РЮ] + 3 1 -3 -2), P[0] 


„ 
— À “ > 
— 


4-2» 41-0 چ2‎ <1— 
x x x x 


<-3- —— s i 


Fig. 9-4. Dances stop diagram showing the movement of 
inserted pitches around a featured pitch. The interval struc- 
ture for the “steps” is shown below. 
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where the term, (-2 1 P), catenates to M a repeti- 
tion of the entire phrase except for the last two 
notes, and the replacement tones follow along with 
the final P[0]. 


CLIMAX 

Consider how the melody so far developed 
might be expressed verbally. It says, “Here is the 
basic pattern of pitch. Here it is again. Just to make 
Sure it's clear, here it is two more times, transposed 
but connected to the previous statement by an ad- 
ditional tone. Now, with the same kind of connec- 
ting tone, here it is again with a twist, and still once 
more with a more complex distortion.” 

Now, it must get to the point of its monologue 
with a logical conclusion. Conclusions, whether of 
a phrase or an entire piece, need to contain par- 
ticular kinds of patterns that I can only describe in 
terms of the patterns we experience in the physical 
world. Our melody needs an ending that follows two 
increasingly distorted statements of the thematic 
motif. Distortions lead in unexpected, and therefore 
interesting, directions. But the musical vehicle 
should take the listener to an inviting destination, 
moving and coming to a stop in a “natural” way— 
ie., without violating the laws of motion that we 
all have come to understand through experience. 
Tn fact, our goal is to “move” the listener emo- 
tionally, not physically; only the melody is in mo- 
tion, and that is the motion that must appear to be 
natural.“ 

Our thematic material directs the listener's at- 
tention to a repeated pitch. Even though the motif 
undergoes transposition and distortion, that 
repeated pitch becomes and remains the most 
prominent member of the total pattern. It as though 
most of the “momentum” resides in that pitch, and 
we must now decide how to bring the pitch to rest 
in а convincing way. A sudden stop at this point 
would have all the persuasive realism of an archer's 
arrow looping several times around the target and 
then dancing hesitantly just before its final thud into 
the target. No, our motion so far has been more like 
that of an athlete getting into position to do his 
thing. In analogy to a pitcher stepping up to the 
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mound or a diver launching himself toward the 
board's edge, let's consider the last note as a high 
point where all the accumulated energy of motion 
has been focused and must now be released. 

Considering just the pitch and time dimensions 
of melodic space, our experiences in three- 
dimensional space and time with the force of 
gravity and the inertial qualities of matter carry 
over in surprisingly obvious ways. That is, we 
associate heavy, cumbersome motion with low pitch 
moving slowly, and light, agile movement with high 
pitch in rapid motion. Up and down translate 
directly into high and low in the pitch direction— 
but so do back and forth, because we have no con- 
trol over “direction” in time. But the structure of 
ordinary space and motion in that space appear con- 
tinuous, while our pitch space is quantized and our 
pitch motions are tonal, so that consecutive notes 
in the melody must be separated by scale-like in- 
tervals! As a result, the patterns of sensible, smooth 
motion in ordinary space must transcribe directly 
into scale-like patterns. 

A scale-like pattern is not necessarily the same 
as a scalewise pattern. To be scale-like, all the notes 
need only be members of a scale with quasi-tonal 
properties. Such scales usually contain only the in- 
tervals one and two between adjacent tones, and 
the latter interval predominates, logically enough, 
by about two to one. So, let's construct a pattern 
that will convincingly home іп” on the featured 
pitch P[0]. The simplest such pattern I can envi- 
sion would use P[0] аз the high point of a repeated 
ascending motif. À general algorithm for creating 
the ascending sequence would depend on three 
arguments: the interval structure of the scale, the 
target pitch, and the number of tones in the se- 
quence. À special algorithm could assume a par- 
ticular interval structure, say 2 1 2, as in Fig. 9-5. 

The left argument here is the target tone. The 
right argument is a positive number that will be in- 
creased by two to establish the number of tones in 
the sequence. (This indirect approach helps to 
assure that the sequence will indeed be a sequence 
by containing at least three notes. It assumed I was 
the only user and I could at least remember that 
N must be a positive integer. For wider use, it really 


v ZeT CDNC212 Nik 


cil Ze+N(T-+/K),K€(2+N)p 2 


Fig. 9-5. Function CDNC212 approaches target pitch T trom 
below in N + 2 steps, repeating the interval sequence 2 1 
2 as needed. 


should ask for specific input and test the given 
values.) 
Now if we execute 


Р — Р[0] CONC212 1 


the new P will contain three (two plus the given 
argument, one) successively higher notes leading 
up to the target tone, P[O]. To give this passage the 
energy focusing qualities of a closing cadence, we 
might employ considerable ingenuity using per- 
mutations or any other sort of development. Or, we 
can simply submit it in triplicate: 


М-М, P. Р, P 


and thereby assume it will be duly noticed. 
This repeated pattern could bring to mind the 
energetic properties of a pitcher's windup. If what 
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follows is to be limited to a comfortable range for 
voice, the release should not suggest a wild pitch. 
Without examining the results to this point, let’s 
allow the melody to move past the target pitch by 
only one semitone and then drop through the lower 
end of the repeated phrase P by the same amount: 


M= M, (1 + -1ГР) -1 ТІР 


Fortunately, should our conservative precautions 
prove inadequate to keep the pitch in Singer 
Stadium, there is such a thing as instrumental 
music. 


GENERALIZATION 


A listing of the complete terminal session ap- 
pears in Fig. 9-6, showing also the final form of the 
melody as a numeric vector and, through the use 
of the N2P function, as a pitch string in 
alphanumeric notation. Figure 9-7 represents the 
result as it appears in musical notation. Much as 
1 would like to dwell on the inspirational qualities 
of this result, there are some less musical matters 
that command attention first. 

Though the entire procedure contains about 
only ten lines of code, most of that is "pure 
algorithm" with little variable data. Testing the 


$07 
“99,261 


Fig. 9-8. А listing of the terminal session described in the text. 
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Fig. 9-7. A musical transcription of the results of the terminal session listed in Fig. 9-6. 


algorithm with a variety of data would quickly 
become an onerous chore, even for someone less 
indolent than I. So one reason for restating the pro- 
cedure in the form of a generalized function (Fig. 
9-8) is to increase its usefulness by reducing the 
burden associated with examining large numbers 
of possibilities. In exhibiting such a generalization 
immediately, I do not mean to infer that the task 
of creating this function from the previous exam- 
ple is entirely trivial. 

In conversion to functional form, wherever 
numbers appear in the original, one tries to replace 
them in a way that permits the composer to select 
values ad lib. The easiest and most direct way to 
provide freedom of choice is to collect the numerical 


v S DVLF2 IT. F 
Мересіз2хр,1Т)р5 
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information in the arguments of the function 
header. For the sake of clarity I have limited this 
information to the starting (and repeating) pitch S, 
and the intervals defining the “in-between” tones, 
IT. In the original, I glibly chose the value one (1) 
for some totally unrelated entities—the odd' pitch 
interval, the number of odd“ pitches, the inter- 
val for a connector pitch added after the last pitch 
of the repeated motif, the interval from that added 
pitch for beginning the transposed motif, etc. In the 
generalization, I have interpreted some of these 
choices to be rationally connected simply because 
they were all equal. This explains the use of the 
number of “odd” pitches (gIT) in a number of odd 
places. The arguments for the TMP function and 


9 Ne, IT 
73 72),FC01 


Мем, CLHT T4EPO,7 4 € Co, IT) 4E. 


N2P M 


Fig. 9-8. Function DVLP2 generalizes the terminal session of Fig. 9-8. 
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the intervals for the “Arthur Murray dance step" 
have been left unaltered. Ordinarily, more logic 
would be used to allow more freedom in ail these 
places. Without it, an obvious imprint will be left 
on each melody produced by this function. АП such 
melodies will appear as highly stylized variations 
on a theme if exhibited together, yet the range of 
variation can be astonishing. 

To reproduce the original result in which the 
starting pitch was zero (C) and there was a single 
"odd" pitch whose interval from the repeated note 
was one, we need only type 


0 DVLP2 1 


and that result will be printed directly. (At least, 
the intended result will be so printed. Here is a case 
where the generalization pointed to a typing error 
in the original procedure: In the seventh line, in 
copying the simplified form for the dance step, I 
omitted the zero! It took one of my rare, sharp-eyed 
moments to see that the pitch E appears four times 
in succession in one result and three in the other, 
and many more agonizing moments to spot the 
source of the problem.) 

As a demonstration of the ease of use and the 
musical potential, Fig. 9-9 is a page from a terminal 
session containing five successive executions of the 
function with arbitrary choices for the starting notes 
and intervals for the varying or odd-indexed pit- 
ches. The fact that the arguments were chosen ar- 
bitrarily should not be seen as contradicting my 
earlier statements about randomness. These values 
were chosen after all the logic was in place, and that 
logic assures "ordered" results no matter what 
values are used. 

In our culture, such naked melodies have the 
appear of a nudist camp in the eyes of Pierre Car- 
din. Not unlike Mr. Cardin, we must now drape 
them in becoming rhythms and finely woven har- 
monies to make them presentable. 


RHYTHM AND HARMONY 


Just as we are attuned to accept tonal melody 
as sensible, we have had certain rhythmic re- 


quirements drummed into our subconscious sense 
of meaningful musical metrics. If we were to allow 
our computer to run random rhythmizations of any 
given melody, we could not avoid insulting this nat- 
ural metric sense. We have seen that our speech 
patterns show many of the requirements for fitting 
beats to discrete sounds, whether syllables or 
pitches. In speech, we are most concerned with the 
way we subdivide the beat. We carry this over to 
melody with additional requirements on the way 
beats must fit into a larger pattern of measures and 
phrases. 

Given the total number of notes in a melody, 
it is far easier to program a rhythmical setting based 
on attacks than on durations, and this lets us use 
our highly developed linguistic sense for filling in 
the details. As a concrete example, our original 
melody here has 36 pitches (at least, that was the 
count before I discovered the error). The original 
building blocks form a pattern of seven pitches (the 
repeated three-note motif and the added pitch 
separator). This suggests we try to subdivide the 
entire melody into five phrases, each containing 
roughly seven notes—because 5x 7 nearly equals 
36. 

Before fixing the number of attacks in a phrase, 
a somewhat subjective evaluation of the nature of 
the pitch pattern needs to be made. If the pattern 
of seven pitches seems complex, the listener will 
appreciate it more if it coincides exactly with a 
phrase, because complexity bears repetition and 
repetition reduces apparent complexity through 
familiarization. On the other hand, if the pattern 
seems simple, repetition would bore the listener, 
so it would be better to have the metric phrase con- 
tain one pitch more or less than the fundamental 
melodic pattern. In our case I must admit I find the 
seven-pitch pattern repulsively trite, so I'll create 
interference between the melody and the meter by 
using eight pitches in a phrase. 

The next step has to do with the interaction of 
harmony with meter. An infallible (though at times 
insipid) way to make sensible phrases is to insist 
they contain four or eight groups (bars or measures) 
of beats. Remember, the number of beats in such 
a group defines the meter and, if necessary, each 
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Fig. 9-9. Five consecutive executions of DVLP2 using arbitrary input parameters. 


beat can be subdivided into two or more attacks to 
account for the melodic tones. Harmony must be 
assigned to fit“ these pitches through considera- 
tions which we'll take up shortly. If more than four 
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different pitches appear in succession in a melody, 
it may be difficult, if not impossible, for a given 
algorithm to find a chord that harmonizes them all. 
If only a few unique tones appear repeatedly in a 


long sequence, the harmony may need to change 
just to avoid sterility, even though a single chord 
would fit with all the notes. When the harmony 
must change, it should do so on the first beat of a 
bar, or possibly on the beat that divides the bar in 
half. So there is a complete interplay of melody, 
rhythm, and harmony that keeps things moving in 
a "sensible" way. 

With these rules in mind, we can now divide 
our phrases into measures. Having decided that a 
phrase will contain eight attacks, let's subdivide the 
phrase into four groups. It hardly seems worth the 
effort to use the BREAK algorithm here (to see the 
entire family of four-number seeds whose entries 
add up to eight). In the same spirit used to select 
the other values in this example, I will choose 1 2 
3 for the first three groups, and so be forced to use 
12 3 2 for the complete specification 
(17273728). This says that the first bar of a 
phrase will have a single melody note, the next bar 
will contain the next two notes, the third bar will 
use the following three notes, and the fourth will 
contain two more. The next eight notes of the 
melody will be similarly distributed in the next four- 
bar phrase, and eight more in the phrase following 
that. 

With the first three phrases accounting for 24 
notes, only 12 (or 13 in the corrected version) re- 
main to fill the last two phrases. Rather than divide 
these evenly, let's use a “deceleration” technique 
that keeps eight pitches for the fourth phrase and 
leaves only four for the last. In order to have the 
notes in the fourth phrase slow down," the bar 
groupings will use the original values (1 2 3 2) but 
be sorted into decreasing order, 3 2 2 1. This will 
be followed in the last phrase with the decelerating 
pattern for four tones, 2 1 1 0, where zero implies 
holding over the last note to fill the last bar of this 
phrase. To humor my harmonization program, 
these values will need to be stated as 2 1 .5 .5—but 
we're getting too far ahead with such details, so let 
me just show some results in an attempt to prove 
that our melodies are indeed "legitimate." The 
complete methodology will unfold as we continue. 

In transcribing the computer output shown in 
Fig. 9-10 to musical form Fig. 9-11, I chose a waltz 


(3/4) meter and assigned durations to the note 
groups in a purely subjective manner. Alternative 
harmonizations for the last note readily suggested 
the first and second endings. Figure 9-12 shows the 
results when the "corrected" melody was used with 
almost the same rhythm. In this case, the note 
grouping for the last phrase was changed to 2 1 1 
1 to account for the additional note. That added 
note shifted all the notes following it with respect 
to the bar lines and was thus responsible for the 
harmonic differences in the last three phrases. 

Of the melodies produced in the terminal ses- 
sion using the generalized algorithm (Fig. 9-9), the 
first four each had 55 notes. Similar treatment pro- 
duced a different rhythmic setting than that derived 
for the 36 or 37 notes in the original, but one which 
could be used for all four cases. The notes are 
distinctly different in each of the four melodies, but 
identity of rhythm and the fixed nature of certain 
features of the algorithm, as explained above, make 
it impossible to tell which is the “theme” and which 
are the “variations.” Here is the fourth one 


8 DVLP2 -2 -7 


which is shown musically in Fig. 9-13. 
The first melody produced in that terminal ses- 
sion, using 


1 DVLP2 2 3 


has a high degree of “inherent tonality.” Playing 
just the melody causes me to “hear” the prevalent 
harmony suggested by the chord symbols shown 
written above the melody in Fig. 9-14. As I increase 
my concentration, “inner voices" begin to stand out 
against the melody, suggesting the four-part treat- 
ment shown in the figure. (Note: The chord sym- 
bols apply only to the melody, ло! to the four-part 
voicing!) 

But I can also ignore my instincts, specify some 
less usual harmonic structures and selection rules, 
construct a chordal rhythm that keeps things in mo- 
tion, and let the computer turn out the not-so- 
obvious harmonic variation in Fig. 9-15. 

Clearly pleased with the previous result and 
refusing to quit while ahead, I subjected the sec- 
ond melody, resulting from this expression: 
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Fig. 
2 DVLP2 -3 4 


to the same treatment. Figure 9-16 is the com- 
puter's harmonization based on the same struc- 
tures, selection rules, and chordal rhythm as in the 
above example. 

The fifth melody produced in that session 
needed still different rhythmic groupings to accom- 


9-10. Output of a session in which the melody of Fig. 9-6 and 9-7 was harmonized. 


modate 73 notes, but the same general method pro- 
duced Fig. 9-17. 

In all the automated examples, additional logic 
was needed to “voice” the harmony—that із, to 
decide which note in the chord should be lowest, 
next lowest, and so on. The next step would be to 
break up the chords or add to them in some way 
to derive a more musical accompaniment. But let 
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me reserve the one result not yet shown from Fig. 
9-9 for a more complete demonstration in a later 
chapter. 

It is too easy to be carried away here by in- 
troducing rhythmic and harmonic methods. As in- 
dicated earlier, our culture rarely indulges in 
melody for its own sake, and so, to demonstrate the 


“sensibility” in our results, I felt the need to display 
them in more complete form. It should be apparent 
now that there is more to a melodic line than 
building blocks and the mechanical fundamentals 
of "bricklaying," so we will now take a more 
musical approach to creating melody. We'll return 
to harmonic considerations after that. 
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Pattern, structure, form, or whatever you care to 
call it, is by no means a novel idea in music. Form, 
or with more formality, temporal form, holds a 
prominent position in the study of composition. It 
is not a simple topic, and its study is usually based 
on analysis of exemplary works rather than on prin- 
ciples which encourage innovation. 

In our chosen idiom, the problems of form of- 
ten vanish when a composition is to fit a given set 
of lyrics. The lyricist's language suggests—in many 
cases, determines—the temporal structure of the 
composition. The first few words may provide a 
“natural” microrhythm for a melodic motif. This, 
along with successive motifs, will create an 
intermediate-level rhythm for a phrase. Phrases 
then fit together into the macrorhythm of a stanza 
or chorus. The term form often is applied on the 
grand scale that describes the sequence of mac- 
rorhythms in the entire work, but we will apply it 
to the entire structure at all levels of rhythm and 
pitch. 

There is a traditional sense of rhythm at the 
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intermediate level that strongly affects one’s ability 
to devise original forms. This sense tends to force 
phrases to come in lengths of four, eight, or 16 bars. 
If you have so little experience with music that you 
don’t feel this “natural tendency,” 1 am torn be- 
tween advising that you develop it or that you con- 
sider yourself fortunate and avoid it. Most lyricists 
do have this traditional sense, and may balk if a col- 
laborator phrases their words in an “unnatural” 
way. At any rate, in what follows we will not be 
given any lyrics, but will construct a melody with 
temporal form as a primary consideration. 

The melodic techniques demonstrated in the 
previous chapter satisfy certain structural re- 
quirements for sensibility. Many listeners will feel 
that the results by themselves—that is, without 
harmonization—do not meet their personal har- 
monic requirements for sensibility. Of course, they 
may not recognize this to be the source of their 
dissatisfaction, but melody, even when unaccom- 
panied, must carry a strong suggestion of harmony 
for these people. Though melody is often referred 


to as linear or one-dimensional by artists, its com- 
position normally requires a multidimensional 
thought process. Composers somehow maintain 
simultaneous ideas on rhythm, harmony, and 
melody, and blend them into a particular form. 
Describing each of these subjects simultaneously 
derails my one-track mind. Still, I feel this is the 
place to introduce form, even though we have yet 
to begin a serious discussion of harmony. In the 
demonstration to follow, my tonal hypothesis con- 
cerning '“scale-like” interval sequences will 
substitute for harmony in giving the results an ap- 
parent tonality. Later, when the resulting melody 


is harmonized, a different tonality will probably be 
observed. 


A PROCEDURAL ALGORITHM 


Let me begin with a listing of a function named 
FORM (Fig. 10-1). It serves to keep the composer's 
mind from wandering too far by isolating and keep- 
ing account of the more gross problems associated 
with form. It does not solve those problems. And 
now, to keep my mind from wandering, I'll describe 
an actual terminal session using this function. А 
complete transcript of the session and its results 
follows at the end of the chapter, in Listing 10-1. 


v FORM ALFA; SYM;K;I;ROW;Z 
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Fig. 10-1. Function FORM guides the structural development of a composition. 
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The FORM function is invoked with a right 
argument that portrays symbolically a structural se- 
quence. My opening statement in the session: 


FORM ‘AABA’ 


declared that I intended to devise four successive 
sections which were to be related to each other 
structurally as are the letters AABA. (Incidentally, 
this is the most common form for a song.) Ás with 
actual letters, where differences in script, font, or 
case don't change the identify of the letter, the 
various Á-sections here may contain certain struc- 
tural differences and yet be clearly recognized as 
A-sections. 

The program replied to my invocation most in- 
telligently by requesting that I next describe the 
first A-section: 


ENTER A1 


At this point, a user could set А1, as if it were the 
name of a variable, to any structure, perhaps to one 
already in existence—e.g., a global melody M 
derived from DVLP2 or a similar function. How- 
ever, my response was less direct; it may even ap- 
pear absent-minded: 


FORM 'ABCABD' 


With the function already operating, I was calling 
for another level of execution in which the A1 sec- 
tion of the total theme should itself have the form 
"abcabd." Although, without lowercase characters 
available, it was indeed absent-minded of me not 
to choose different letters here to avoid confusion 
in what follows. But the program couldn't be con- 
fused, and it plowed ahead into this sublevel of ex- 
ecution of the FORM function, asking me to enter 
the first A-section for this case: 


ENTER A1 
ESTABLISHING THE FIRST MOTIF 
My approach at this point has become so “‘stan- 
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dardized” that I am tempted to incorporate it into 
the FORM algorithm. The first appearance of any 
subsection (such as А1, ВІ, СІ, etc.) goads me to 
establish a motif based on a “tonal” scale. Further, 
appearance of the first “А” subsection (or better, 
the first “а”' subsection, to differentiate it from the 
A-section of which it is a part) prods me to define 
a tonal kernel that can be used for all the other first 
subsections. This approach has almost become a 
ritual through adoption of certain short APL func- 
tions, in particular, one named MOTIF (Fig. 10-2) 
and the SCLI and SCLIT functions already in- 
troduced. 

The MOTIF function requires three variables: 
an implicitly available scale (SCL), an explicit start- 
ing point S in that scale, and an interval sequence 
I to be applied within the scale. The statement 


X —25 MOTIF 123 


would place in X the pitch numbers corresponding 
to 


SCL[25 26 28 31] 


which is the starting point (25) in the scale followed 
by successive scale entries one, two, and three steps 
away from each other. 

Returning to the demonstration, recall the com- 
puter has asked me to enter an “а1” subsection. 
As just described, my first step then was to set up 
a tonal kernel for use in all the various first 
subsections: 


KER-212 


and this was followed by specifying the al motif: 


у MOTIF I 


SCLD*NS,I] 


Fig. 10-2. Function MOTIF creates a melodic passage based 
on intervals in a scale. 


A1 — (SCLI KER) MOTIF -3 3 2 -1. 


This established the scale and the motif in a single 
statement. Remember, the SCLI function not only 
constructs a ten-octave scale, but also returns the 
position of middle C in that scale. So here, the posi- 
tion of middle C in the scale based on 2 1 2 is the 
left argument—the starting note—for MOTIF. The 
right argument describes the motion in this scale 
to be down three scale steps from the starting point, 
back up three steps, up two more scale steps, and 
then down one step. (In demonstrations of this sort, 
I often select the numbers one, two, and three, and 
some patterning scheme that makes it easy to see 
where the motif ends with respect to the starting 
pitch. If you add the numbers in the right argument, 
you'll find the last pitch must be one scale step 
above the first one.) 

After each such statement, the computer just 
sits quietly awaiting the user's signal that he has 
finished entering information for the current 
subsection and wishes to go on. That signal con- 
sists of an empty or blank line, which is what I now 
entered to say that the definition of “а1” was com- 
plete. The computer woke up just long enough to 
tell me to 


ENTER B1. 


This new request was for the first “b” part of the 
first A-section of the total form. 


THE FIRST “b” SUBSECTION 


With the first appearance of another subsec- 
tion, we need to consider where the melody is, 
where we want it to go, and how to get it there. 
The next statement, 


B1 — (SCLI 1 © KER) MOTIF -1 1 1 1 1 


grew out of these three considerations as follows. 

The first note of this motif is determined by the 
left argument of the MOTIF function, which is the 
expression (SCLI 19KER). Remember, SCLI 
returns the position of middle C in the scale, so this 


motif, like the first one, will begin on that note. Also 
recall, the first motif ended one scale step above 
the starting pitch, so the transition between the a- 
and b-motifs here will not appear awkward to a 
singer or listener. The scale for the previous motif 
was based on the kernel (KER) 2 1 2. Rotation of 
this kernel (1bKER) to 1 2 2 used as the right argu- 
ment for SCLI produces a new scale that is effec- 
tively a transposition of the previous one. (Notice 
the sequence of intervals 


2122122122 
will also be found in the scale containing 
122.122.122. 


Two scales having the same interval sequence are 
either the same scale or one is a transposition of 
the other.) 

My reasons for the intervals determining the 
structure of this “b” subsection in the right argu- 
ment of MOTIF are more subtle. First, the previous 
motif leaped about; for contrast, this one will move 
scalewise. Second, the left argument causes a 
change in the tonality (the transposition of the 
scale), and this scalewise movement will make that 
quite clear to the listener. The actual sequence of 
scalewise intervals causes the starting pitch to be 
repeated, as it was in the opening motif: We move 
one step down from it and then back up to it. This 
is followed by three steps that take us as far above 
it as the opening motif took us below it, i.e., the 
first motif opened with an interval of minus three, 
while this one closes three steps above the first 
pitch. 

Before going any further, I must admit sadly 
that this description makes my work at the com- 
puter sound far more objective and logical than it 
really is. All of this apparent structure is based on 
analysis of my statements rather than on the 
original reasoning used during the session. It is im- 
possible to remember what really was going on in 
my mind at the time, although my subjective habits 
and experience always cause me to be concerned 
with structural considerations and “endpoints.” 
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Whether the observed structure is the 
originally planned structure or a by-product of the 
original really doesn't matter as long as it’s there. 
But I do always keep account of the absolute or 
relative positions of the first and last notes (the end- 
points) of each motif. Consistently, motifs must fit 
together in a "seamless" way, and, sooner or later, 
some motif will have to lead back into a repeat of 
the first motif. И any transition between motifs 
would trouble a professional singer, then it certainly 
wouldn't supply much comfort to more ordinary 
ears. As long as I know where I am in a scale (with- 
out actually knowing the details of the scale itself!), 
Iwill be able when necessary to force sensible mo- 
tions from one point of reference to another. 


THE ci“ SUBSECTION 

After the single statement defining “b1,” I 
entered another blank line and the program 
responded by asking for the first “с” subsection: 


ENTER C1. 


Once again a first“ subsection and once again I 
would use the MOTIF function. Of those three ba- 
sic considerations (where we are, where we are go- 
ing, and how we get there), the most important for 
this subsection may be the second one. The sec- 
tion to follow this one will not be a “пе” one; “a2” 
will mark the second appearance of the “а” theme. 
So we may need to decide where ''a2" will begin 
before we can bring "c1" to a close. This means 
that the second and third consideration must in- 
teract more deliberately than before. 
To get started, I entered 


C1 —11(SCL.-1 t B1) MOTIF 2-1-3. 


The left argument of MOTIF here, (SCL. -1 1 
B1), made the last pitch of the previous subsection 
the first pitch here. Notice, the current scale (SCL) 
was not changed here. The “опе drop” (1 !) at the 
very beginning of the statement removes the first 
note from the result so that, when “b1” and "c1" 
are played sequentially, the last pitch of "b1" will 
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not be repeated although it serves as the starting 
point for the new interval sequence. 

For the right argument, I wanted an interval 
sequence that would suggest a logical connection 
with what had gone before. So, a cyclic permuta- 
tion of the al“ intervals (-3 3 2 - 1) was used (2 
71 -3 3), but I wanted to repeat these "important" 
intervals, and so, to avoid a “built-in” repetition of 
a single pitch within the overall repetition, the last 
interval was dropped. This created only three notes 
in this section, but they would be stressed by 
repeating the whole pattern. 

To increase the effect of this repeated, 
downward-moving, three-note motif and 
simultaneously imply a connection with the bl! 
scalewise pattern, the last three notes of bl could 
be added in reverse order, giving three sequences 
of three descending tones. These particular notes 
extracted from “b1” offer another advantage. 
Notice that the three intervals opening the “с1” se- 
quence total negative two (2+ -1 + -3). Because 
we began this section three scale steps above the 
opening pitch, the repeated three-note motif in “с1” 
(forming the first two three-note sequences) ends 
one scale step above that starting tone. Now look 
back at the interval sequence, bl,“ which began 
on the same starting pitch. Its last three notes, 
when played in reverse order, will also end one 
scale step above the start. The pattern of three suc- 
cessive descending pitches ending on the same note 
as the two previous sets of three descending 
pitches has to convey а suggestion of in- 
telligence.” It certainly gives that last note the aura 
of an intended target: 


Ct — C1, С1,Ф -31 Ві 


The apparent importance of the last pitch and 
its proximity to the first pitch of the “а1” motif sug- 
gested it would make an interesting starting point 
for the “а2” motif—repeating a motif transposed 
up one or two semitones gives it a “НЯ” psy- 
chologically if not literally. So this appeared to be 
a reasonable place to end the definition of the “с1” 
subsequence. But before going on, I wanted a lit- 
tle more information on the material already com- 


posed in anticipation of developing the “second” 
subsections, “а2” and “52.” Single intervals аге 
extremely important and useful as connectors in 
development. So instead of entering a blank line 
here, I asked to see the (chromatic) interval se- 
quence actually used in “а1”: 


INT A1 
(See Fig. 7-7 for this “опе-Іпег.”) 

The reply, -5 5 3 -1, showed the equivalent 
in semitones of the opening sequence, -3 32 -1, 
in scale intervals. If I wanted to select interval from 
this set as being the most "significant," the value 
five, without regard for direction (up or down, plus 
or minus), strikes me as the one to choose. So, I 
decided to set this aside for further development 
by writing 


NTRVL1— 5 
In the same manner, 
INT 81 


showed me the “b1” motif contains the chromatic 
intervals 


22122 


and the value two seems to come as close to cap- 
turing its essence as a single interval can. So I 
wrote 


NTRVL2 — 2 


If forced to explain rationally how I can single out 
these intervals for special consideration, two 
features offer themselves. At least half the inter- 
vals in each motif are accounted for by that motif's 
representative interval, and each motif begins with 
the same pattern, moving downward through its in- 
terval and then upward through the same interval. 


DEVELOPING THE 
““а2” AND “'b2'' SUBSECTIONS 


Now I was ready to continue: 


blank line 
ENTER A2 


As planned above, I wanted “а2” to begin with 
the last note of "c1." However, because it was 
already so well introduced, I saw no point in 
repeating this pitch at the start of a2,“ so another 
“one drop” would be used to eliminate it. In addi- 
tion, I decided to “develop” the a' motif here by 
appending to if the two opening intervals—the leap 
down and back: 


A2 — 1 1 + N(71 1C), (INT А1), 2 ! INT АТ. 


Having in mind only the interval form of the two 


a" subsections, I wanted to see their pitches. 
Typing 


A1 

brought the response 
0-5032 

and 
A2 

was followed by 
74143-23. 


It was apparent from this that the last pitch of "c1," 
which is one scale step above the first note of the 
original “а” section, must be Сё (one). Placing this 
value (one) in front of the numbers shown for “а2” 
reveals the five pitches of “а1” are all raised one 
semitone in a2. We сап also see the effect of the 
added down-up sequence on the end of "22." 
Next, after the ritual that began with my enter- 
ing a blank line, I wanted ''b2" to be simply а 
repetition of “b1” but transposed to follow “а2” 
the way bl“ followed al.“ If I were as analytic 
during composition as I am while “explaining,” I 
could have made use of the BGN function to per- 
form the transposition up one semitone. That not 
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Fig. 10-3. Function XPOS transposes melodic segment M 
во that the entry in M indexed by the first entry in P will move 
to the pitch given as the second (last) entry in P. 


being the case, Fig. 10-3 is the transposition func- 
tion I did use. 

Here, the left argument must contain the 
melodic vector to be transposed. The right argu- 
ment is a two-element vector containing first a 
positive or negative index pointing to an entry in 
the melodic vector, and second, the pitch value that 
entry should have in the transposed version. So, by 
writing 


B2 — B1 XPOS 0, -11 Ст 


I was saying that “2” should be the same as bl,“ 
but transposed so that its first pitch (index equals 
zero) is the same as the last pitch in “с1” (which 
was also the implicit starting point for “а2”). 


THE di SUBSECTION 


After another blank line, the computer asked 
me to enter the last character in the “А” plot: 


ENTER 01 


With the A· section divided into the form abcabd, 
the a- and b-subsections can be seen to have prin- 
cipal roles. The c-subsection plays an important 
subsidiary part, providing development and also 
leading into a restatement of the a-motif. The cur- 
rent subsection (d1) is even more important, in fact, 
critical. In the overall AABA form, “а” ends each 
of the A-sections. This means it must lead smoothly 
from А1 to A2. Possibly with some modification, 
it must also connect A2 to the B-section. And 
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finally, it must form (or else lead into) a satisfac- 
tory ending for the entire piece. 

In "normal" composition, the composer treats 
such endings and transitions through techniques 
that depend on his seeing or hearing the notes he 
works with. This implies that for each possible com- 
bination of notes, he may have a specific approach. 
If at all possible, I would rather find an algorithmic 
method that leads to satisfactory results without the 
need to analyze and store an encyclopedia of situa- 
tions and their treatment. One promising technique 
relies on the creation of a passage that has what 
I refer to as “neutral harmony." Such harmony 
seems to lead somewhere (or require resolution), 
yet that somewhere is ambiguous. This is why I call 
it neutral; the listener can't seem to pin down an 
exact tonality for the pitch sequence, although the 
general feeling of tonality persists throughout the 
passage. We can play such pranks on the observer 
by selecting just a few widely spaced intervals, 
based on the tonal kernel, to fill the octave in a 
"neutral" way—i.e., without accidentally construc- 
ting one of the more common harmonic structures 
(which we'll take up in later chapters). 

For the kernel 1 2 1 2, the associated scale con- 
tains derivative intervals of three (2 + 1) as well as 
five (2+1+2). Through the use of the sum-scan 
operation, + ` KER will serve as a dilated kernel 
to produce a sparse scale, related to the original one 
but containing only the intervals 2 3 5, or four 
pitches separated successfully by a major second, 
a minor third, and a perfect fourth. Any permuta- 
tion of the expanded kernel could also be used, such 
as: 

19 + -КЕВ or -1 Ф + “КЕН. 


Instead of using SCLI, the function SCLIT, with a 
left argument of 12, would cause the total scale to 
repeat the same four tones in all octaves because 
the sum over these intervals is 10 and, no matter 
what their order, the next interval will reach a tone 
outside the reference octave from zero to eleven. 

It could have been expected that I would turn 
this discussion in the direction of kernels and scales 
because “41” isa first (and only) subsection and 
so practically commands me to use the function 


MOTIF. So far, my thoughts have suggested 
something like 


D1 = (12 SCLIT -1Ф + ` KER) MOTIF... 


and now we must consider how to define the 
melodic line in the right argument based on the 
"neutral" scale. 

The geometry of the a- and b-subsections 
Shows that the last pitch (the one leading into this 
d“ section) is already some distance above the 
lowest tone used in the melody, so the general mo- 
tion of this motif had better be downward. (During 
this session, I carelessly estimated the distance to 
be one octave. Had I taken the time, I'd see it to 
be 11 semitones.) To avoid passing too quickly over 
our sparsely populated "scale" and to give the 
neutral harmony time to establish itself, the motion 
should be that of a descending “wave.” Three ex- 
ecutions of “up one, down two" (6 o 1 -2) should 
fill those requirements. As an afterthought, prefix- 
ing a negative one to this pattern will assure that 
we go no higher than the starting note for this motif. 
1t will also carry over to this section a structural 
feature of both the a- and b-sections, viz., begin- 
ning the motif with a step down and an equal step 
back. So the call to MOTIF became 


D1— (12 SCLIT -1 ф + \KER) MOTIF -1, 
601 2. 


This statement would cause the pattern to 
begin on middle С. So, I next transposed “41” to 
begin on the previous pitch, the last note of “Ъ2”: 


D1 D1 XPOS 0,-11B2 


By adding the intervals here (-1 + 1 + -2 + 1 
+ 72 + 1 + -2), we see the total motion goes 
through four scale steps, which would take us down 
exactly one octave and (according to my bad 
estimate) would duplicate the lowest note already 
used. 

All that “41” now needs is an ending motif 
that will be flexible enough to allow the connections 


and endings described above. It should be based 
on “important” microstructures of the melody in 
order to appear as an integral part of it rather than 
as an appendage. Thus, I decided the ending 
micromotif would consist of the two special inter- 
vals. Its first appearance would be right at the end 
of “d1”: 


Е- + \ (711 D1), NTRVLI, NTRVL2. 


This form makes the last pitch of di its starting 
point. The three pitches can be repeated with 
transposition to lead wherever necessary. But just 
in case a longer connector might be needed, I 
decided to set aside the last three pitches of “41” 
that lead into the first pitch of the ending, E: 


LST3 — 1 01. 


Immediately following this, the ending was at- 
tached without repeating the connecting note: 


01-01, 11E 


COMPLETING THE A-SECTION 
AND MAKING ENDS MEET 


When the next empty line was entered, the 
computer responded in cryptic fashion with 


NAME Z (=A1, B1, C1, A2, B2, D1) ? 
AND/OR *—0' 


This was my way (as programmer) of reminding 
myself (as user) that the program had completed 
its assigned task. It had created something called 
“Z” which now contained the subsections shown 
in parentheses. The question mark was asking me 
to decide whether I wished to save this result (by 
renaming the local variable Z) before telling the pro- 
gram that I was finished (by typing the branch-to- 
Zero statement). To comply, the result was given 
a suitable name for a “first А” section: 


FRSTA-Z 
and then I said, “That’s all," by entering —0. 
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Having completed executing FORM 
'ABCABD', the computer now found itself back ex- 
ecuting the first phase of FORM 'ААВА’, still 
awaiting specification of the first A-section. So once 
again it asked me to ENTER A1. The expected con- 
flict between symbols had now occurred, so to 
make certain the program was not confused, I 
asked to see A1. The reply showed that “A1” still 
contained the first “а” subsection: 

0-5082. 


Then, on requesting a display of the entire FRSTA, 
the whole numeric sequence just constructed in the 
subphase of execution appeared: 


0-503...:6:11. 


I now had to decide whether this FRSTA would 
serve as the complete A1 and lead smoothly into 
A2, which would be a repetition of the first A- 
section. That is, do the last few values of the se- 
quence, which comprise the E motif, lead in a to- 
nal way back to the beginning of the sequence? 
Ко... at least not for the kind of tonality used 
in the rest of the melody. For the last few pitches 
and the first few to appear to be part of one scale- 
like tonality, their intervals should not include two 
successive semitones. Notice the last two pitches 
and the very first fall into the ordered sequence, 
-1 0 1, where each separation is indeed a 
semitone. (When we examine tension and its rela- 
tion to harmony and tonality, we'll see a quan- 
titative reason for rejecting such sequences.) 

After staring at the numbers in the E-motif and 
the intervals that went into its formation, NTRVL1 
and NTRVL2, a relationship came to mind that 
caused me to enter 


E — E + NTRVL2. 


If the original E were immediately followed by this 
transposed E, the interval between the connecting 
pitches should be NTRVL1. Further, the added 
pitches would meet the beginning notes of FRSTA 
in an "easy" tonality. To make sure I hadn't 
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miscalculated, I asked to see E. The reply 
7413 


confirmed my "'fingerithmetic," and I tacked this 
new motif onto the end by specifying 


A1 — FRSTA, E. 


Now, typing just the quad symbol caused the 
program to display the name of the current section 
of the form under construction and the pitches con- 
tained in it: 

ü 

A1: 

0: C -1G «1C DI... 
... 1F B +1С1 -1G1 
+1Ct Dt 


The last six notes, consisting of the two successive 
appearances of the E microstructure, need to ac- 
count for three particular concerns here—and they 
do so as follows. 

First, the two E segments meet in a way that 
“preserves tonality” in that every sequence of three 
or four notes can be easily harmonized by common 
structures. Second, the problem of leading into A2, 
which would begin as a repetition of A1 with no 
transposition, appears to be solved. The connecting 
interval here from the last Df to the initial C is a 
minor third (three semitones) that can be derived 
from the generating kernel, and tonality is pre- 
served over the last E segment and the beginning 
of the “а1” motif. 

The third concern questions the flexibility of 
the ending motif. Can A2 have a slightly different 
ending so as to mimic A1 and yet provide an in- 
teresting "surprise" leading to the B-theme as well 
as to a final ending? As long as the B-section is 
undefined and no thought has been given to the final 
ending, that question is somewhat rhetorical. But 
it serves to guide the development from this point. 


THE A2 SECTION 
To make A2 a repetition of Al, I decided to 


include as part of the repetition some of the logic 
used in Al. That is, Al was defined as FRSTA 
catenated to E transposed through NTRVL2. So, 
those same steps were taken here. The expression 


E — E + NTRVL2 


transposed the already transposed E through the 
same interval, i.e., up another whole tone. Then 


А2 - FRSTA, E 


completed the task. 

Another quad symbol was typed and the A2 
section was displayed, showing the last six notes 
to be 


ЛЕТ В +1С1-1А! +101 F. 


This shows that the original Е (the first three notes 
here) connects to the doubly transposed E (the last 
three notes) by moving down a minor third ( the 
same connecting interval that linked the singly 
transposed E to the beginning of A2) and tonality 
is still preserved. 

Having invested time and energy in getting this 
far, I typed a right parenthesis, causing the program 
to interrupt itself and have the APL system pro- 
gram display the point of interruption in the 
function: 


FORMI26]. 
This allowed me to enter the system command 
)SAVE. 
On completion of the command, the time, date, and 
name of the APL workspace were displayed. Then 
typing 
-OLC 


caused execution to continue from the point of in- 


terruption. To remind me of the exact position in 
the logical sequence, the program reprinted the 
message: 


ENTER A2. 


I had finished defining this section before saving 
the workspace, but had not indicated that was the 
case by entering an empty line. I did so now. 


THE B-SECTION “BRIDGE” 

After the trying session just completed, the idea 
of shaping this section from a single repeated motif 
had considerable appeal. So the form would be 
“аа,” or better 


FORM XX’ 


to avoid more confusion over symbols. Dutifully, 
the program replied with 


ENTER X1 


Once more a first“ subsection was to be de- 
fined, and once more I would use the MOTIF func- 
tion. The tonality would again depend on the 
original kernel, but now repeated in each octave 
through the use of 


12 SCLIT KER 


as the left argument of MOTIF. The choice of in- 
tervals for the right argument will again appear 
more circumspect than it really was. 

I decided that the x-subsection should contain 
about a dozen pitches (eleven intervals) followed by 
a connective phrase or ending. For a micromotif, 
I chose the sequence of scale steps: up three, down 
one, down one (3 -1 -1). Adding these intervals 
shows a net motion up one scale step. If we use this 
pattern three times, the first nine intervals will take 
us three steps above the starting pitch (not yet 
specified) and leave two intervals to be chosen for 
approaching some target pitch. I chose a target one 
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step below the first pitch and the intervals minus 
five and plus one for getting there. Thus, the next 
statement was 


X1 G SCLIT KER) MOTIF (8e 71 71). 
-51. 


To see the chromatic intervals comprising this 
motif, I typed 


INT X1 


The reply, 
5 2 15 2 25 1292 


showed a satisfying abundance of the special“ in- 
tervals five and two (NTRVL1 and NTRVL2). Only 
the negative nine stands out uniquely as a possible 
source of discomfort, but, because that is the in- 
version of a minor third used as a connector 
earlier, I decided to accept it. 

Recall, in designing the a-section, two con- 
tiguous micromotifs were set aside for possible fur- 
ther use, LST3 and E. Having been neglected until 
now, the first of these was chosen to connect the 
parts of the B-section. E would be made to lead into 
LST3 through the interval, NTRVL1, and X1 would 
be transposed so as to lead to E through NTRVL2: 


E — E XPOS -1, NTRVL1 + 1!LST3 
X1 — X1 XPOS 71, (11E)-NTRVL2 


There remained the need to transpose this 
whole sequence so that it would follow A2 comfor- 
tably. I asked to see how far the last pitch of A2 
was from the first note of X1: 


INT (САЗ), 11X1 


1 wish I could take credit for having planned the 
response, “-3.” Without transposing at all, the 
same interval that connected the A-sections would 
also connect А2 to B. 

Before appending the connecting motifs to the 
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end of X1, the current X1 needed to be preserved 
for designing X2: 


XX — Хі 


Now, X1 could be reset to include E and LST3: 
X1 — XX, E, LST3 


With the "XX" form, it is always more in- 
teresting to have each X in a different key, and of- 
ten the last pitch of the first X makes an excellent 
starting point for the second one. So, following the 
programmed ENTER X2 prompt, such a beginning 
was specified: 


X2 - (ХХ, Е) XPOS 0, “11Х1. 


The plan here was to construct X2 with the featured 
motif catenated to E, as before, but to adjust the 
LST3 ending through transposition to meet the 
following A3 in a fitting manner. 

Expecting the last A-section to begin on mid- 
dle C, just as the first two A-sections had, I asked 
to see the last pitch of the pattern just defined: 


-111Х2 


The answer was а brief “8,” indicating the current 
setting of X2 ends eight semitones above middle 
C. That is only four semitones below the C one oc- 
tave above the starting pitch. That, coupled with 
certain information about the E motif that was still 
fresh in my mind, caused me to aim for this higher 
C as the target pitch that would end the X-motif 
and to forget all about using LST3. The last А. 
would then begin one octave below; while the skip 
of an octave can be troublesome for many per- 
formers, it seldom strains anyone's musical in- 
tellect. 

I remembered observing in the ending to the 
first A-section that the second pitch of the 
transposed E was the same as the last pitch of the 
original, preceding E. Instead of examining the 
listing to see what the transposition had been (plus 


NTRVL2), I defined it “the hard way”: 
X2 — X2, E XPOS 1, -11X2. 


The right argument of XPOS here would transpose 
E so that its second note, E[1], would be the same 
as the last note of the current X2. If my reasoning 
was correct, catenating this to X2 would bring the 
last pitch a whole tone nearer the target pitch, so 
I asked to see 


-11Х2 


and was rewarded with the desired answer, “10.” 
This meant that I could repeat the previous com- 
mand: 


X2 — X2, E XPOS 1, -11X2 


in order to reach the target C, one octave above 
middle C. 

Entering an empty line brought the end-of- 
execution response: 


МАМЕ Z (= X1,X2)? AND/OR -O- 
to which I replied 
BRDG — Z 


which named the result BRDG (for bridge) instead 
of B1. 

After typing —0, the program asked me to EN- 
TER B1. Anxious to end this prolonged session, I 
hurriedly entered another empty line, thinking that 
ВІ had just been completed. As the message 


ENTER A3 


appeared, I realized my oversight. By entering just 
an “ир arrow," 1 told the program to return to the 
definition of the previous section of the form. It 
responded by asking me once more to ENTER B1. 
This time I got it right; I set B1 equal to BRDG, 
and followed that with a quad symbol in order to 


see a display of the entire B-section and make sure 
my haste hadn't caused any other problems. 


B1 — BRDG 

П 

Bt: 

0 D G ЕЕ. d; 
F At «1C. 


Everything looked fine, especially that final pitch 
—41C! 


THE FINAL A-SECTION 


The simplest way to end the piece would have 
been to set АЗ equal to Al. But I was uneasy about 
doing so because the first two A-sections as well 
as the B-section all ended with the E-motif, and in 
each case this led to the next section. Through 
proper use of rhythm and harmony, a listener could 
be made to accept a final E-motif as a legitimate 
closing pattern. But it might be more interesting 
if that last E led into the initial “а1,” and the rhythm 
and harmony molded that into a final ending. 
Because the four intervals that defined the open- 
ing motif (Cal!) established the first five notes of 
AL, I typed 


АЗ — А1, 51А1 


Then a quad symbol initiated a listing of the 
last A-section. Following that, a blank line brought 
forth the prompt 


МАМЕ Z (= A1, A2, B1, АЗ)? AND/OR '—0'. 


Instead of answering in the usual way, I asked, 
“How far must the entire sequence of notes (in all 
four sections of the melody) be transposed so that 
the complete range of pitch is centered on G above 
middle C (pitch number seven)?" Of course, I had 
to phrase the question a bit differently: 


II — (А1, A2, B1, АЗ) FITRNG 7. 
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(I'll show the FITRNG function in а moment.) I then 
asked to see the result: 


Ш 
and was curtly told: 
4 


So in order to capture the pitches in a range that 
would make their representation in treble clef 
easier on the eye than on my vocal chords, I re- 
quested that each section be printed transposed 
through the interval II: 


N2P Il + A1 
N2P I! + A2 
etc. 


The function FITRNG (Fig. 10-4) returns the 
interval needed to transpose a given melody (the 
left argument) so as to FIT its RaNGe to the con- 
dition specified in the right argument. That right 
argument contains a numeric pitch. If that is all it 
contains, or if the pitch is followed by a zero, the 
returned interval would “center” the melody on the 
given pitch, i.e., the transposition would make that 
pitch lie midway between the highest and lowest 


9 ZM FITRNG N;MN;MX;A 
Ne2 tN 
Ne tM 


MX г/м 


AHN, © г. 5хММ+МХ> „МХ 


29401-21 1+NC 111 


Fig. 10-4. Function FITRNG finds the interval needed to 
transpose melody M according to the conditions specified 
in the right argument. 
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notes of the melody. If instead, the pitch number 
is followed by a negative one (I) or a positive one 
(1) the returned interval would transpose the 
melody so that its lowest or highest pitch, respec- 
tively, would be the given pitch. 


THE FINISHING PROCESS 

Rhythmization and harmonization, not nec- 
essarily in that order and not necessarily ordered 
at all, must follow. The first step taken here was 
to transcribe the melody into musical notation with 
tentative bar lines separating the various motifs 
(Fig. 10-5). I had to check back over the listing of 
the session to see how many attacks went into each 
section and, in cases where a starting pitch was 
dropped to avoid repetition, I had to decide which 
of the adjoining subsections would contain it. 
(Notice, all references to middle C in the descrip- 
tion have been transposed up four semitones to the 
pitch E.) 

While each of the segments has observable har- 
monic potential, there is nothing here that suggests 
to me any sort of meter. But now I must point out 
something that may seem ironic at first. From the 
normal perspective, the topics rhythm, melody, and 
harmony, in that order, run from most obvious to 
most obscure. In the most primitive civilizations, 
music consists of rhythm alone. As technology 
develops, instruments evolve that are capable of 
producing increasingly controlled melody. Our con- 
cept of harmony is unique to Western civilization. 
Tn the process of becoming a musician, one is in- 
troduced to these subjects in this same order. Yet 
when it comes to treating the subject cybernetically, 
trying to establish objective logic that mimics sub- 
jective methods and preferences, the order of the 
topics seems reversed. The more civilized' the 
topic, the more rationally objective is its concept, 
and the easier it is to express its underlying logic. 

As a result, when I describe my harmonic 
methods, I can be quite precise. In the previous 
descriptions of melody, it required more effort to 
make my subjective manipulations of pitches ap- 
pear to be objectively methodical. In applying logic 
to rhythmic attacks, I seldom use methods so com- 
plex that they can't be carried out mentally. But 


A1, A2 (FRSTA) 


01 


ai b1 
é = 


F 
مول و او‎ 
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Fig. 10-5. The resulting melody showing the notation used in the terminal session (Listing 10-1) and the tentative place- 


ment of bar lines. 


then, in assigning durations to the attacks, I can't 
even pretend to understand my “logic” well enough 
to program it or any model of it! Now with a clear 
conscience, I can describe how I attack the prob- 
lem of meter. 

With tongue firmly in cheek, I let the first motif 
suggest a tentative meter. The five attacks in the 
opening motif would suggest one measure of 5/8 
time if not for our dedication to the MT idiom here. 


By stretching the last attack to fill a quarter note, 
a bar of 3/4 time seems respectable. I then try to 
apply this to the subsequent sections. As I proceed, 
sooner or later, I am forced to add additional bar 
lines and insert temporary changes in meter. This 
first effort ordinarily lets me get familiar enough 
with the material to work out a more serious con- 
struction. However, to show the spirit behind the 
tongue-in-cheek phase, here are my results placed 
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Fig. 10-6. A tongue-in-cheek development to explore the possibilities for meter and harmonic setting (© 1978 Jaxitron). 
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Repeat first ten measures 
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Fig. 10-6. Continued. 


in a Shostakovitch-like setting (Fig. 10-6). 

By the time I could “һеаг” this without look- 
ing at the music, I could feel“ how it could be 
made suitable for MT. Unfortunately, I see no way 
to describe this process other than to say that if the 
above piece were performed manually, by com- 
puter, or in a composer's mind, then the setting 
shown in Fig. 10-7 would appear as a logical“ 
development. The new harmonization was worked 
out with the computer after complete rhythmic 
definition. 

Just before working this out, I had written the 
music whose rhythm is shown in the example in 
Fig. 7-30. Later, after hearing the above piece a few 
times, I recognized how the previous rhythm, not 
yet erased from my subconscious memory, had im- 
posed itself here. I then rewrote the rhythm to par- 
aphrase the older one even more closely; submitting 
that to my harmonization program produced the 
version shown in Fig. 10-8. 


ADDITIONAL REMARKS 

lam often asked why I don't automate the en- 
tire process of composition instead of depending so 
much on a “musically informed" user. I think the 
reader, having gone through the last two chapters, 


is now in a better position to appreciate the 
situation. 

The functions FORM and DVLP2 are poles 
apart: FORM gives the user tremendous freedom 
as well as tedium, while DVLP2 relieves him of 
both. Of course, you can freely alter and experiment 
with both functions. In my own work, a function 
named DVLP is usually devised (just as was DVLP2, 
the 2 added to distinguish it from my current DVLP 
function), and then FORM is used to create the 
larger structure based on the results of DVLP. 
Much effort can go into the design of such func- 
tions because the act of composition requires that 
there must be, for every choice along the way, cer- 
tain restrictions, a certain amount of liberty, and 
even some measure of license! Everyone will seek 
his or her own middle ground in which freedom and 
tedium must be traded off against each other. 

Conventionally, composers select rhythms, 
strings of pitches, and devices of various sorts to 
develop a piece of music. There is nothing in- 
herently more abstract about choosing strings of 
numbers and functions of various sorts to ac- 
complish the same thing. In fact, such an approach 
introduces new perspectives, but the old problems 
of selecting material, developing fragments, and in- 
terconnecting them do not vanish. In the newer 
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Fig. 10-7. Musical treatment after familiarization with the material in Fig. 10-6 (© 1978 Jaxitron). 
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Fig. 10-7. Continued. 


framework, the problems can be better defined than 
in the old. You can more readily sense the sharpen- 
ing of judgement that comes with experience and 
not, as happens too often with conventional 
methods, fall into a style without conscious control. 
(Note how my inability to treat rhythm more ob- 
jectively confirms this.) By altering a number here 
or a statement there, you learn to recognize the 
critical decisions that are the mileposts of style. 


A naive remark by a mathematician or com- 
puter enthusiast can lead the less well-informed to 
believe that composition programs can be devised 
that will compose any kind of music and reduce the 
number of decisions required from the user to a 
most comfortable few. Let me reassure composers 
that a strong mathematical argument shows their 
profession to be secure—though it can't guarantee 
employment. The nature of the choices that specify 
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Fig. 10-8. Another treatment of the same material (© 1978 Jaxitron). 
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Fig. 10-8. Continued. 
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a piece of music can always be changed, but the 
number of choices cannot be reduced without 
restricting the "space" (idiom) in which the work 
exists. Special, highly stylized programs are indeed 
possible; general programs that can write any con- 
ceivable kind of music are not. But then, special, 


highly stylized composers exist; composers that can 
write any conceivable kind of music do not. And 
who, but such a composer, could even begin to 
place all of his subjective techniques into an objec- 
tive framework—particularly the strict objective 
framework of a program? 


Listing 10-1. Complete listing of a terminal session using FORM. 


FORM 'AñRA' 


ENTER Af 


FORM 'ARCARD* 


ENTER Af 


KERE? 4 2 
AMCCTCLI KER) MOTIF 


ENTER Ві 


Hie ELT 4ФКЕК) MOTIF 74 


ENTER Gi 


Citit \ 4484) MOTIF 2 7i 73 


i 


INT BA 


5242 4,902 


NTRVL 2+2 


A2c14+NC744C1, (INT AL), 24 INT Ai 
Aí 


ENTER B2 


B2eBfí XPOS 0,71 C1 


ENTER Di 


1% %% SCLIT KER) MOTIF “4,694 72 
b b X ©, 1452 

ECENCTAADIO , NTRVI T NTRVL 2 
LST3e71v7atD1 

ері, 44E 


E 2 (=A, 84,04,02,B2,D1)? AND/OR ‘+0! 
TAEZ 


ENTER Aí 


91 531 
д 74 
t p^ b р T 
re Ct Gt Ft r+ r Dt 
CAR +104 T TIR HCE id E 
Е БЕЗ ir I 161 
с 16 мс D+ n t 7564 1С 
F4 Ct Gt Ft F D+ Ct 


“HAD +104 Ct “ily D * F+ 
E TAB £C “AFF В CT “At +104 
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FÜRME261 
SAVE 


th 
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09:13:24 66/08/78 ME 
C 


COMF 


ENTER A2 


ENTER Bí 


FORM 'XX' 


ENTER X1 


X46442. SC 


ІТ КЕК) MOTIF (993 71 749,79 


57274572 725-172 79 2 


XIII XPOS 74, CAE) -NTRVEL2 
INT (714142), 1 X1 

"2 

Ххехі 

XXX, E, LSTI 


(XX, E) XPOS O, Ax! 
CÁTX2 


XR, E XPOS í, f 4X2 
“EAKD 


Е XPOS 1, 71X2 


NAME 2 (=X1,X2)? AND/OR '30* 
BRDGEZ 

+0 

ENTER Bi 

ENTER АЗ 

^ 
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ENTER Hf 


Bí +BRDG 

ü 

Bí 

9: E ^ G Е 
Е “ik іс” C^ 
F^ “14 В 107 


ENTER АЗ 


ABEAL, Stat 
n 
A3 
+10 Dt 
Gt F# 
Ct 7ав 
+104 CFT 


NAME Z A2,Bí,A3)? AND/OR "904 
116<414,82,81,А3) FITRNG 7 
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Nae LI+A4 


G^ +1Ct 

TIA +P 
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Harmony seems, at first thought, to be a complex 
subject because it consists of simultaneous 
assemblages of pitches that change in time. 
Melody, consisting of only one pitch at a time, is 
certainly far simpler; one might even think of har- 
mony as a combination of simultaneous melodies. 
But harmony is more than that, and its reason for 
being complex is not so simple. 

In Western music, harmony is the fundamen- 
tal principle that guides our perception of sen- 
sibility” in pitch space. While harmony can be 
displayed as simultaneous groups of pitches called 
chords that are ordered in time, the pitches in a 
chord need not be played in simultaneity for us to 
perceive harmony. In fact, a familiar melody can 
be played without any form of accompaniment and 
its harmony can still be perceived—even “heard.” 
When an amateur songwriter composes a melody 
“by ear,” he is actually melodizing a harmony that 
he has in mind. 

Perhaps I can clarify what [ mean by our 
perception of sensibility in any kind of space 
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through visual means. Figure 11-1 shows the well- 
known Necker cube illusion. It consists of three 
contiguous parallelograms in two dimensions. But 
our minds insist on finding an interpretation that 
agrees most "sensibly" with our experience, and 
our survival as a species is closely linked to the 
perception of two-dimensional images on our 
retinas as representations of objects in three- 
dimensional space. The guiding principle—the 
harmony —behind our perception of sensibility 
here is our innate sense of the rules of projective 
geometry. The lines we see instantaneously become 
the edges of a structure, but the angles between 
the various lines suggest two equally probably 
spatial configurations. Without any further clues to 
help us to decide whether the point that is common 
to all three parallelograms marks a receding or ap- 
proaching terminus of the edges, two equally prob- 
able structures will “harmonize'' the lines of the 
image. When you first look at the figure, you will 
find your mind involuntarily decides which of the 
two makes more sense, but then, after staring at 


Fig. 11-1, The Necker-cube illusion. 


it for a while, it will reverse its decision and uncon- 
trollably switch back and forth between the two 
possibilities. 

Figure 11-2 demonstrates that “correct har- 
monization" can be unique at every point in a fig- 
ure so that, point by point, the figure makes sense, 
and yet, when taken as a whole, it may defy 
physical reality. The object depicted here almost 
portrays the temporal nature of a melody. As you 
follow it around in its course, you continually sense 
where it has been and where it's going. Your mind 
only balks when you try to match the figure in this 
space with the projection of something in physical 
space. 

Reversing the analogy, we might say that a 
melody is harmonically sensible if its “line” of suc- 
cessive tones serves as a projection in a one- 
dimensional pitch space of the outline of a struc- 


ture in a space with more dimensions. For some 
reason, our minds require that this larger space ex- 
ists and that melodies be projections of structures 
in that space. Abstract analogies aside, we expect 
the notes of a melody to suggest particular chords, 
and we also expect the succession of notes in the 
melody to suggest particular sequences of chords. 
Harmony has certain “sensibility” requirements: 
Each chord must, by itself, be a "sensible" struc- 
ture and successive chords must lead "sensibly" 
from one to another. In combination, melody and 
harmony interact so that the individual sensibility 
requirements of one component can reduce the 
number of possibilities available for “choosing” the 
other. 

At least, it should now be clear why harmony 
is a complex subject. In its conventional study, one 
memorizes a large number of so-called rules about 
certain chord structures: how they are built in terms 
of scales or intervals, how a semiconsistent ter- 
minology is used to describe them, and under what 
conditions one chord may follow or lead to another. 
The question of sensibility is not addressed except 
to say that there will be no problem if you follow 
the rules, even though professional composers con- 
sistently break the rules and yet maintain sen- 
sibility. If computers are to help us with harmony, 
we must be able to write algorithms that meet sen- 
sibility requirements—so a conventional approach 
will be of little value. 

We'll begin with a brief introduction to the 
most common aspects of harmony. Then, without 
getting into the usual details of the subject, we'll 
examine some rather abstract ideas which lead to 
a hypothesis that accounts for all the standard har- 
monic structures and allows algorithmic approaches 
that ensure sensibility. We'll go into the temporal 
problems that arise in combining harmony and 
melody in the following chapters. 


DEFINITIONS AND 
TERMINOLOGY FOR CHORDS 

The term chord will be used most unpedan- 
tically to describe either an absolute or relative 
pitch structure. In the absolute sense, a chord has 


158 


a specific root tone to which an interval sequence 
is added (literally!). The interval sequence is itself 
a chord in the relative sense. For example, the in- 
terval sequence 4 3 describes a major triad, but, 
when added to the root tone, zero, it produces the 
three-note chord 


0,0+4,0+4+3 = 047 or CEG 


which is a C-major triad. Reversing the interval se- 
quence to 3 4 and changing the root tone to two 
gives us 

2,2+3,2+3+4 = 259 or DFA 
which is a D-minor triad. 

By combining each of the twelve tones in- 
dividually as a root tone with the two sets of inter- 
vals, 3 4 and 4 3, we can build all possible minor 
and major triads by the process just shown. The 
general algorithmic form for the process would be 


CH — + XRT, IS 


where RT is the root tone and IS the interval se- 
quence needed to produce the chord CH. To 
generalize further, any pair of intervals in IS will 


produce a triad, any triplet of intervals will build 
a tetrad or four-note chord, and so on. However, 
you will find something unpleasant or strange or 
dissonant about most such structures. The reason 
behind this—or better, a hypothesis for the 
reason will be fundamental to all that follows. 

But first I must introduce certain forms of 
nomenclature. [t is most convenient, even 
necessary, to be able to name a particular kind of 
chord or to refer to a particular tone in a chord with 
the smallest number of words that will convey the 
most information. À programmer will naturally pre- 
fer to use the "ordinary" indices of the notes in the 
pitch structure (0, 1, 2, etc.). Oddly, the musician 
addresses the same tones by the odd ordinals: first, 
third, fifth, and so on. This is based on the classical 
approach to chord formation in which you can think 
of a scale in its first expansion or simply say that 
chords are to be built “іп thirds.” The first expan- 
sion of CDEFGA B(C) woud be CEGBD 
F A (C), and the tones are addressed as 1 35 7 9 
11 13 (1). 

From force of habit, and also because musicians 
already have a set of adjectives available for ex- 
pressing tonality, I will most often use the musical 
approach to terminology. In a major triad, such as 
CE G, the consecutive tones are usually called so: 


Fig. 11-2. An illusion based on the way our senses try to interpret "bending" and “roundness” from visual information. 
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C index 0 
E index1 
G index 2 


first, tonic or root 
major third 
fifth 


The adjectives used (in this case, the only one is 
major') are the same as those given earlier in 
discussing intervals: major, minor, augmented, and 
diminished. 

There are at least two reasons for saying these 
adjectives are only fairly meaningful. The first goes 
past the adjectives to the ordinal numbers. In deal- 
ing with chords like C F B that are not clearly built 
in thirds, descriptions such as tonic, augmented 
third, and quadruply (quadrupally?) augmented fifth 
make the adjectives less useful than expletives (I 
know how to spell most expletives). The second 
reason applies even when chords are built in thirds; 
there is no systematic set of rules that determine 
which tones require the adjectives. Major and mi- 
nor triads are distinguished by the interval between 
the first (0) and the third (1) of the chord, that is, 
a minor triad has a minor third where the major 
triad has a major third. But augmented and 
diminished triads are named for the interval be- 
tween the root and fifth, and everyone is expected 
to know that the augmented triad has a major third 
while the diminished triad has a minor third. Things 
get so bad when we try to name four-note chords 
that consistency and convenience are both lost in 
names such as “minor triad with a major seventh” 
or major seventh chord with a minor third," both 
referring to the same four-note structure whose in- 
tervals are 3 4 4. 

There are handicaps here for both musicians 
and programmers. While the musician can rely on 
experience to select chord structures, he will rarely 
choose a structure he cannot name. The program- 
mer has greater freedom of choice, but no ex- 
perience to rely on for those important passages 
that call for the chord he “hears” but doesn't 
recognize in any form of nomenclature. In this and 
the following chapters, ideas and methods will be 
presented that should be helpful to both, though I 
will not muster enough intestinal fortitude to sug- 
gest a self-consistent naming convention. 


THE CONCEPT OF ORDER 


The axiomatic assumption here will be that sen- 
sibility in everything we observe depends on our 
recognition of order. It may be that experience is 
more fundamental than order in that we learn to 
recognize the order that exists in the things we 
observe. But the assumption here turns that around 
just a bit so as to say that there may be orderings 
that will immediately “make sense” even without 
prior experience. With experience we also learn to 
make sense out of particular orderings that might 
at first appear chaotic. 

At the most basic level of observation, we sub- 
consciously distinguish between events governed 
by natural randomness and intelligent“ guidance. 
If all the ink molecules on this page had been posi- 
tioned in a random way, you would imagine some 
accident in the printing process had caused it. If. 
they had somehow managed to fall into a geometric 
arrangement, you'd wonder how this "figure" fits 
into the discussion. Had I written the page by roll- 
ing a basketball over my keyboard, it would be 
recognized immediately as a page of text, but a mo- 
ment later as gibberish. Without engaging con- 
sciously in any sort of calculations, each of us, when 
confronted by a collection of colors, shapes, and 
sounds, decides almost instantaneously whether 
any effort or special circumstance was responsible 
for its creation. If any degree of “contrivance” is 
apparent, our attention focuses on it as long as is 
required to understand or appreciate the order it 
contains. With experience, we develop successively 
higher levels of discrimination that let us decode 
information carried by order and appreciate styles 
of order. It should be obvious that such universal 
behavior in a species must serve an evolutionary 
function. Though we can't go into it more deeply 
here, that makes it worth mentioning that esthetics 
in particular and the arts in general are of more im- 
portance than our culturally based attitudes en- 
courage us to believe! 

In the case of melody, we saw that sensibility 
was largely dependent on creating order in time. 
In the time dimension, the perception of order must 
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rely on memory, so methods designed around the 
use of repetition seemed obvious candidates for the 
creation of ordered patterns. Sensibility related to 
the pitch dimension was lightly passed over by say- 
ing that it depended on something called tonality. 
We are now at the point where we must immerse 
ourselves into that dimension in order to “see” just 
what might constitute order and how we perceive 
gradations in that order. 


ORDERING TRIADS 
IN TWELVE-TONE TUNING 

Symmetry is the most obvious form of order 
in certain spaces. The notion that anything 
resembling a circle or equilateral triangle might be 
observed in pitch space seems rather absurd at first. 
But, given the cyclic nature of the twelve pitch 
names and the way we sense the twelve tones 
regardless of their octave, let's view them arranged 
on the face of a clock—ironically, an analog clock 
(Fig. 11-3). Pitch numbers are already in place, pro- 
viding we let the value twelve represent both zero 


and the octave. Although pitch names will be shown 
adjacent to the numbers here, it would be better 
to consider them to be a sample representation and 
say that, in general, zero will always represent a 
root tone on this diagram, not necessarily the pitch 
©. 

The most symmetric triad is represented in the 
figure. Its symmetry is apparent numerically if, in- 
stead of the pitch numbers, we note the intervals 
separating the cyclic arrangement that begins and 
ends on twelve. We see three equal intervals of four 
semitones (4 4 4). Notice, there are no permutations 
of this set of intervals; the structure (an augment- 
ed triad) is unique in its symmetry class. 

Next, we'll examine all possible ways to 
“break” the symmetry and still retain three pitches 
and three intervals on our clock, always beginning 
and ending at twleve. We will assume that some 
degree of disorder can be associated with the “size 
of the fracture." The restrictions stated above re- 
quire that the sum of the intervals remain equal to 
twelve. The class of structures “nearest” to the 


с 
12 
B 0 Ся 
1 1 
A# 10 D 
2 
A9 D# 
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G# 8 4E 
5 
7: 6 
в F# F 


Fig. 11-3. The cyclic symmetry of the twelve pitch names. 
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totally symmetric one would then deviate minimally 
from the intervals 4 4 4. The smallest change that 
can be made would add plus one to one of the fours 
and add negative one to another. Specifically, 
adding -1 0 1 to 4 4 4 gives us the intervals, 3 4 
5. Now we can either permute this first set of in- 
tervals or permute the elements of the distortion 
(710 1) and then carry out the addition to find all 
other structures that have the same amount of dis- 
order. Better still, we can let the computer do it as 
Shown in Table 11-1 at the end of the chapter. 
Notice that the pitches corresponding to this “least” 
distortion produce all six possible settings (inver- 
sions) of the major and minor triads. 

The algorithm used to create Table 11-1 
established -1 -1 2 as the next smallest distortion. 
This produces a group of three structures (through 
permutation) showing the three possible settings of 
a diminished triad. Notice the second member of 
this group is itself symmetric: the distortion is -1 
2 -1, the intervals are 3 6 3. Before examining the 
next class in the table, note there are nine struc- 
tures for which the smallest interval is three. 
Groups of structures are clearly separated in the 
table. We will use the word class to include all 
groups with the same smallest interval. 

The next class begins with the distortion -2 1 
1 and produces the three settings of a triad built 
in perfect fourths. The minimum interval in these 
structures is two. When the classical masters of 
composition worked their way down to this set of 
structures, classical theory accounted for them with 
such terms as suspension and appoggiatura. But the 
fact that they appeared in the same era as did struc- 
tures in the previous group is worth noting along 
with the observation the -1 -1 2 and -2 1 1 have 
equal symmetry! 

Continuing down the list, we find three more 
groups with a smallest interval of two semitones. 
In all, we find there are 18 structures for which this 
is the minimum interval. Their musical flavor tends 
toward the “ordinary” seventh and minor seventh 
chords. The remaining structures take us farther 
from the perfect 4 4 4 symmetry, completing the 
table with 27 structures having minimum intervals 
of one semitone. 


ORDER, SYMMETRY, NUMBERS, 
AND “NORMAL” ESTHETIC REACTIONS 
There are two ways of disliking art; one 
is to dislike it; the other is lo like it ra- 
tionally. 
—Oscar Wilde 


Perfect symmetry strikes us as intellectually in- 
teresting though not emotionally noteworthy. 
Whenever a fixed number of items may appear in 
a given "space," there will be a relatively small 
number of ways to arrange them so as to achieve 
a perfectly symmetric configuration. The smallest 
deviations from such order arise in a large number 
of ways, yet this number is still small compared 
with the number of all possible arrangements. With 
increasing disorder, we find increasing numbers of 
arrangements. In fact, the latter is a measure of the 
former; there are many more ways to create disor- 
der than there are to create order. Even in the case 
shown for triads where the total number of possi- 
ble configurations is only 55, the class structure 
breaks down as follows: 


minimal interval 4 3 2 H 
number of structures 1 9 18 27 


Esthetically, in our first encounters with a par- 
ticular art form we seek out the challenge presented 
by the class of arrangements with minimal 
disorder—the challenge being to recognize the 
features of each individual arrangement that make 
it differ from “perfection” and from the other 
members of its class. Esthetic enjoyment accom- 
panies success in meeting the challenge. With ex- 
perience, the challenge disappears and we graduate 
to the next higher class of disordered arrangements. 
This class generally has a far greater number of 
elements, so that it will be more unpleasant to 
undergraduates but more challenging to graduates 
of the first class. Actually, the process is more con- 
tinuous. As one becomes familiar with one class, 
though not necessarily with all members in that 
class, certain members of the next class begin to 
be recognized, and as one adjusts to the more com- 
plex class, the previous class loses its appeal and 
becomes trite. The more members a class has, the 
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harder it is for an observer to single out one or a 
few of those members in order to perceive that first 
spark of recognition needed for esthetic growth. So 
the larger the class, the more chaotic it appears to 
the uninitiated. 

These remarks carry over from normal“ in- 
dividual reactions to entire cultures through the 
‘behavior of large numbers of individuals. The list 
of triads just shown (Table 11-1) confirms this 
historically. Of course, our culture outgrew triads 
before getting halfway through that maze of 
classes. 


ORDERING TETRADS 

Exactly the same kind of analysis can be car- 
ried out for four-note chords (Table 11-2). In this 
case we find: 


minimum interval 


32 1 
number of structures 13 


4 130 


Our starting point for “perfect symmetry” here is 
the interval structure 

3333. 
The first entry in the rightmost column in this table 
Shows the symbolic representation 1 chose for this 
diminished seventh chord. 

The class with minimal distortion is formed by 
adding the intervals 


1001. 


This creates the group of twelve structures begin- 
ning with the intervals 


2334. 


This group contains the various inversions of the 
ordinary seventh chord, the minor seventh, and the 
"small" seventh: 


СЕ В = C7 (seventh) 
C Er G Bb = CMI7 (minor seventh) 
C Eb G Bb = C-MI7 (small seventh) 


The three groups of 22 structures that follow 
contain the more unusual sounds in this class. Many 
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composers have used them, but these structures 
have "slipped through the cracks" of conventional 
music theory because they are not built in thirds. 

The first group of structures in the final class 
opened composers’ ears to the use of semitones and 
the major seventh interval in tetrads. These twelve 
structures contain all settings of the major, minor 
and augmented triads combined with the major 
seventh: 


C E G B = СМА 
C EG В = CM 
СЕ GF B C + 


THE CONCEPT OF TENSION 


À satisfying insight seems to be the most we 
can claim from the approach just demonstrated. 
That insight will be of value as we continue, but 
the approach itself doesn't have the power we need. 
Tt does not account for structures containing two 
tones or more than four. Expanding the clock face 
to 24 hours might help, but that contradicts the 
psychological effect of the single octave and so 
would introduce artifacts of method into the results. 
For that matter, there is an annoying artifice in the 
given approach. 

By closing the octave in a full circle, we make 
apparent the symmetry properties of pitch space. 
Аз a result, chords are indeed collected per- 
suasively by type, group, and class. However, in 
practice we seldom close the circle; chords are not 
generally used with the lowest pitch duplicated one 
octave above. Without that duplication, chords in 
the same group—even of the same type in that 
group—may seem unrelated! For example, there 
are four settings of a major seventh chord in one 
octave as shown in the table. But in "calculating" 
four-part harmony that is not restricted to one oc- 
tave, a program might construct a C-major seventh 
chord in any of 24 different settings. Here are just 
two possibilities: 


Е = 


o = 


The second one would be as out of place in 
Debussy’s “Reverie” as would be the first in Berg's 
"Lyric Suite." Obviously we need deeper 
understanding of the situation than can be provided 
by the concept of order alone. 

Schillinger used the word tension to express the 
psychological dissonance in a chord. He even used 
it in a relative sense to imply a difference in ten- 
Sion between one chord and another. Sadly, I could 
find no indication in his work as to how one might 
begin to compute tension. In fact, at one point, he 
equated a linear scale of tension with successive 
tones in a harmonic structure, so that his results 
led to a contradiction. But his choice of the word 
not only seems appropriate, it suggests physical 
ideas that enhance the notion of structures in pitch 
space. Our structures now seem to possess forces 
(tension or compression) between their parts and 
potential energy due to these forces. 

"To say that order is the mark of effort or in- 
telligence is to recognize that energy must be spent 
(work must be done) to create order. Our applica- 
tion of distortions to break down the perfect sym- 
metry of the augmented triad or the 
diminished-seventh tetrad is quite analogous to 
“nature's way" of adding thermal, chemical, or ra- 
diant energy to make ordered physical systems in- 
creasingly disordered. Enclosing our system within 
the walls of an octave extends the analogy to a 
closed physical system in which the walls also share 
the energy. So those distortions, although 
numerical, do not measure the energy of the free 
structure. But it is obvious to anyone who listens 
to the chords in Tables 11-1 and 11-2 that tension 
increases with increasing disorder. 


Quantifying Tension 

Our investigation of order has yielded some im- 
portant clues for establishing a numerical scale of 
tension based on intervals. We can let the totally 
symmetric structures establish a “reference level” 
and say they have no tension. This indicates the in- 
tervals 3 and 4 are without tension. Then, moving 
down the tables to structures with increasing dis- 
order, we can say intervals of 2 and 1 have increas- 


ing tension. We can also note that other intervals 
appear in these chords between notes that are not 
adjacent. That is, the intervals 3, 4, 6, 8, and 9, as 
well as the octave, appear in the structures that 
have no tension. Then with successively increas- 
ing tension, we find intervals of 5 and 7, 2 and 10, 
and finally 1 and 11. 

Subjectively I have no difficulty placing the last 
four intervals in a specific order—10, 2, 11, 1 with 
tension increasing. But my discrimination of ten- 
sion is not sensitive enough to differentiate between 
5 and 7 or, for that matter, between these musical 
fourths and fifths or any of the tensionless inter- 
vals. I tried to overcome my insensitivity by pro- 
longed musical abstinence, but quickly found there 
was no way to do this in my regular, day-to-day en- 
vironment. In a thoroughly unscientific sampling, 
I found a few people with no musical background 
(some unable to carry a tune) who could rank the 
more consonant intervals but found all seconds and 
sevenths too tense to separate. Unfortunately, some 
found tension in places where there should be none 
(the octave!), and the orderings of different in- 
dividuals were completely inconsistent. On the 
other hand, all my musical cohorts found 
distinguishable tension only in seconds and sevenths 
(the chromatic intervals 1, 2, 10, and 11) and all 
ranked them in the same order that I did. 

There was also agreement among the musi- 
cians that tension values need to be well-dispersed; 
a chord containing a number of the less tense in- 
tervals has lower overall tension than one contain- 
ing a single interval that is higher in the tension 
scale. This suggests that our perception of tension, 
like our perception of pitch and volume, is 
logarithmic. 

One further consideration remains before we 
can assign values. How is tension affected when oc- 
tave separations are added to the psychological in- 
terval between tones? This turns out to be rather 
complex, but the effect is small. In general, tension 
seems to decrease (logarithmically) as more octaves 
are added. That is, the interval 10 has just a bit 
more tension than the interval 22 (10 plus 12), but 
seems to have even more tension than the interval 
34 and far more than 46. The same effect is found 
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for the psychological intervals 2 and 11. A few of 
the musicians say this also applies to the interval 
1, but most of them find the interval 13 notably 
more tense than the minor second! I believe the 
reason for the disagreement lies in their relative ex- 
periences. Certain idioms (including MT) use the 
interval 1 far more than 13, while others use them 
equally (a lot or not at all). 

Because the effects noted above are small and 
chords usually have limited range, it seems 
reasonable to ignore the effect of additional octave 
separations for the present. That is, we'll consider 
the interval from C upward to D to be a major sec- 
ond (chromatic value 2) regardless of the number 
of intervening octaves. Further, we'll select a scale 
of values that will allow a chord with any 
(reasonable) number of intervals of a certain ten- 
sion to be less tense in the aggregate than a chord 
with a single interval having the next tension value 
in the scale. 

Let's begin then by adopting the logarithmic 
Scale 


27.001 .01 .1 1 10 100 1000 10,000 


Now, if we assume only four intervals require 
nonzero values of tension, it will be most convenient 
to assign tensions of 1, 10, 100 and 1000 to the mi- 
nor seventh (10), major second (2), major seventh 
(11), and minor second (1), respectively. If any in- 
consistencies become apparent, it should not be 
hard to find which of our assumptions are inade- 
quate and make changes accordingly. For example, 
Should less tense intervals need nonzero values, 
they can be spread appropriately among the (infinite 
number of) points in the scale between zero and 
one. Should the assumption of octave equivalence 
be found deficient, we can insert or shift values as 
needed to account for our perception. And, if three 
intervals of a particular tension seem about equal 
to a single interval of higher tension, we might 
recalibrate our scale to powers of three instead of 
ten: 


-11111 .33333 13 9 27 81 
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Calculating Tension in a Structure 

Without applying any refinements at all, this 
relatively simple scheme works very well. Large 
catalogs of structures can be sorted according to 
their calculated tensions; not only will people agree 
on the ordering found, but there is even 
chronological agreement with historical usage— 
implying that cultural maturity follows the path of 
increasing tension, as might be expected. Instances 
do arise where certain chords in a catalog seem out 
of place, but I believe this is more the result of con- 
ventional usage than the need for applying any of 
the refinements. 

The total tension in a chord is calculated as the 
sum of the tensions of all the intervals in the chord. 
This simple algorithm cuts directly through the in- 
extricably knotted rules of conventional harmonic 
theory. It lets you measure the effect of adding a 
tone (chordal or melodic) to any given structure. For 
any particular chord, we can construct a 12-element 
vector that shows the tension of every pitch with 
respect to the given chord. For a major triad, the 
vector would be 


0 1000 11 100 0 1001 110 0 1000 10 1 100 


This is more easily seen in a keyboard-like diagram, 
reflecting the black-and-white pattern of the notes; 
The diagram for a C-major triad is shown in Fig. 
114. 

To see, for example, why the note D has a ten- 
sion value of 11 with respect to the chord, we 
assume it is added above all the chordal tones and 
ignore intervening octaves. Then, its interval from 
C is two (tension - 10), it is ten semitones above E 
(tension = 1) and seven semitones above С 
(tension 0). The sum of these tensions (10 + 1 +0) 
gives the value shown in the diagram. 

Similar diagrams are interesting, instructive, 
and useful in analyzing the relationship of every 
pitch to any given chord structure. Just remember, 
in tabulating the intervals, one must consider the 
given chordal tones to lie in a lower octave. (An 
APL function for the calculations will be shown 
below.) For C-minor, augmented, and diminished 
triads, the diagrams in Fig. 11-5 can be drawn. 


11 1001 G 10 100 


Fig. 11-4. Tension of each with respect to a C-major triad. 


Fig. 11-5. Tension values with respect to C-minor, augmented, and diminished triads. 
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Fig. 11-6. Function TNSN calculates the tension in pitch vector V. 


Tension with Respect to a Structure 


We can draw the same kind of diagram for a 
chord containing any less orthodox set of pitches, 
e.g., C, F, and B. But note that this chord has ten- 
sion of its own, while the triads used above did not. 
So first we must examine the calculation of tension 
more closely. 

To clarify, consider the one-line algorithm 
listed in Fig. 11-6. The right argument for this func- 
tion is a vector of pitch numbers whose tension is 
to be evaluated. Its entries, from left to right, should 
represent the notes in a structure ordered from 
lowest pitch to highest. To find the tension in the 
chord (C F B), we could write 


TNSN 0 5 11. 


The algorithm would return the total tension in the 
structure (as a scalar value). This means that if we 
want the tension of D» with respect to this chord, 
we cannot simply write 


TNSN 05111 


because this would return the tension of the entire 
four-note structure. Instead we must use 


(TNSN 0 5 11 1) -ТМ5М 0511 


which effectively calculates the tension in the tetrad 
and then subtracts out the chordal tension con- 
tributed by the triad. Doing this for each of the 
pitches in the octave individually would then let us 
draw the diagram shown in Fig. 11-7. 


o 
"o 
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Fig. 11-7. Tension with respect to a CFB triad, with values produced by the TNSN function. 
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In voicing a chord for orchestration, a related 
problem arises. A structure may contain repeated 
pitches in different octaves. We have already seen 
that the position of a tone in a structure can affect 
the tension. Repeating a pitch in a different octave 
will do the same thing. Further, different tone 
colors create psychological complexities that con- 
fuse our perception of the way relative octave posi- 
tions of different instruments affect tension. The 
simplest approach to this problem is to ignore any 
pitch in the structure that also appears in a lower 
octave. The function UTNSN will do this, using the 
UNIQ function. Both are listed in Fig. 11-8. 

Now, the two chords shown here 


== 


= = 


would have tensions of 220 and 211, respectively, 
ifthe TNSN function were used for the calculation. 
UTNSN treats the repeated pitch, E, in both cases 

an “overtone” that doesn't contribute to the ten- 
sion, so both structures have tension values of 210 
‘based on their unique pitches. 


TONALITY, ORDER, AND TENSION 
Schillinger pointed out the tendency in our 
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culture to connect melody and harmony through 
seven-note scales. He went out of his way to show 
all 36 seven-note structures built in thirds, but he 
ordered them according to some mechanical per- 
mutation scheme that served no useful purpose. We 
can now reassemble the list in order of increasing 
tension, showing the intervals, pitches (taking C as 
the root tone), and tension of each structure on one 
line of a table. The structures are sorted and 
grouped by tension in Table 11-3 at the end of the 
chapter. 

The involuntary search by our minds for order 
in pitch space persists in the time direction. Upon 
hearing an unaccompanied melodic motif, we seek 
out patterns in the successive notes that suggest 
an underlying structure in the pitch direction. If ten- 
Sion were consistently analogous to the forces 
responsible for potential energy in a structure and 
we automaticaly looked for realistic physical 
behavior in the things we observe, then it would 
make sense for our minds to look for a harmonic 
structure that minimizes the net tension of all the 
melodic tones in the motif. This will in fact turn 
out to be the case, but there is an additional force 
between melodic tones that relates to and “ех- 
tends" the harmonic structure—tonality. 

Static structure (harmony) seem most stable 
with no tension between adjacent tones. We expect 
highly ordered harmonic structures to be built in 


KeUNIQ ¥ 


Fig. 11-8. Function UTNSN calculates the tension in V, considering only the first occurrence of each unique pitch. Func- 


tion UNIQ returns the unique entries in vector V. 
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thirds, and voiced chords are derived from these 
structures. A pitch moving in time (melody) seems 
to require a “continuous” path in pitch space. We 
expect scales to be built in seconds, and melodic 
motifs are derived from particular scales. On ex- 
panding a scale into one of the above structures, 
its “flavor” or tonality carries over. Tonality is a 
characteristic of a “complete” (seven-part) struc- 
ture, whether the structure is used melodically or 
harmonically. 

As a result of this analysis, there are two dif- 
ferent approaches we can take with regard to ten- 
sion in composing melody and harmony. The 
diagrams shown earlier, giving the tension of each 
pitch relative to a given chord, provide one 
approach—i.e., the chord may have tension and the 
melody may carry tension with respect to the chord. 
The other method is to rely on tonality. Using one 
of the seven-part structures, a chord can be cho- 
sen from the lower tones while the melody ranges 
over any part of the associated scale. The melody 
can then have considerable variation in tension, 
through the net tension cannot exceed that of the 
entire seven-part structure. 

The seven-part structures shown in Table 11-3 
were restricted to those that could be formed us- 
ing only major and minor thirds between successive 
tones without repeating any pitch. Table 11-4 
shows a list of structures that are not quite so 
restricted but which are applicable to the MT 
idiom. For each structure, you see the total tension, 
the interval sequence, the corresponding pitch 
names if C is taken as the root, and an entry labeled 
"class". The structures are ordered and grouped 
here according to this last heading. The entries in 
that last column show my own terminology for 
describing the first four notes of each structure. 
The structures within each group are ordered ac- 
cording to their interval sequences. 


MORE COMPLEX STRUCTURES 


We're now capable of deriving some 
fascinating harmonic structures and evaluating 
their “usefulness” in terms of tension. Using Schill- 
inger's concept of strata harmony, a function was 
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written to create various structures in different 
strata and combine the strata through different in- 
tervals. The lowest stratum always has its struc- 
ture built on the pitch C. Specifying two strata, each 
containing the same structure (a major triad) and 
requesting the two strata be separated in all twelve 
possible ways, gives us Table 11-5. On each line 
we see the pitches in each stratum, the number of 
unique tones in the entire structure, and the ten- 
sion of the whole as computed by the algorithm, 
UTNSN. 

In the first of two more brief examples (Table 
11-6), a triad containing two perfect fourths was 
used in the same way that the major triad was used 
in the previous case. And in the second of these 
(Table 11-7), the same triad appears in the lower 
stratum while a structure containing a whole tone 
and a half tone occupies the upper one. 

А more ambitious catalog was produced by 
allowing both strata to contain any of the triads 
formed from the following pairs of chromatic in- 
tervals: 


With seven possible forms in two strata and twelve 
choices for the interval of separation, 
7x7x12 = 588 structures are found, as shown іп 
Table 11-8. The last two columns again show the 
number of unique pitches and the tension. 
When such lists are compiled without con- 
siderations of tension and the sorting these con- 
siderations make possible, they impress the 
would-be composer as relatively useless because 
most of the structures found “just sound terrible.” 
With the use of tension and sorting, one can dive 
right in to one's preferred depth. While such 
preference is highly subjective, students of com- 
position generally divide structures into four 
populations according to tension and assign 


characteristics of their own, such as: My computer tells me there are 17 structures in the 
above list that fall into the first category, 22 in the 
next, 227 in the third, and 322 in the last. Such 
<10 trite, simple, blah statistics demonstrate the value of the concept of 


10 to «100 pretty, lush, schmaltzy tension and the consistency of the hypothesis on 
100 to «1000 interesting, sonorous, wild Which it is based. 


1000 and up complex, strange, oops 


Tension range 


Table 11-1. Structures Formed through Successively Greater 
Distortions of Threefold Symmetry in the 12-Tone Pitch System. 


DISTORT INTERVALS 2 TRIAD 
4 а c г AUG 
3 4 с C MIN 
3. 2. É AYMAN 
° 4 3 с С MAJ 
° 4 5 c MIN 
1 5 ux с MIN 
1 5 42 с MAS 
м! 3 3 ; DIM 
il 3 6 DIM 
27 6 3 F^DIM 
“з 255 
1 525 
1 5 xo: 
2 2 4 5 
2 2 E 4 
0 By 26 
9 4 8 2 
2 6 2 4 
2 664,2 
2 2 7 
р 2. 7 
T S ES X 
1 doa UE 
3 72, 5 
3 RS. 2 
2 8 
2 2 
8 2 
2 1 2 15 6 6 1 6 12 b C^ EM t 
3 2 f 46 б As TES с C^ G c 
TE cx ab 98 9 5 612 C E FT с 
i 273 S5. 9 $11 12 C F E г 
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Table 11-2. Structures Formed through Distortions of Fourfoid Symmetry. 


TRAD 


Е 


^ E 
G [o] 
At € 
û с 
At C 
G с 
at C 
At € 
^ C 
A е 
at C 
Ff E 
At C 
At C 
at C 
4o . 4 4 9 4 4 8 с Ct E G^ C Ct MI 
4 4 2 4 94 5 8 с СФ FE G^ С Et MA 
docA 2 3 © + 5 9 © ct Е ^ c C + 
3 1 4 а оха B c Dt E Gt C E * 
mw e 4 ° 3 7 8 c bt & 54 C avy МА 
Ж», AUS À 9 3 ZA £ м € в — С MI 
# 4 3 2 m 405, 8 с Е E Gt C f MI 
EE SEC 9: «4. 15 m с Е Е & C F MA 
4 3 1 4 9 4 7 8 c E G Gt C AY + 
4 3 4 í о 4 7 11 Сс Е G B е С МА 
4 4 í 3 4. Bow с Е Gt A с А МІ 
4 4 3 1 4 8314 [M E Gt Е г D 
ужа 0 1 4 7 с c+ Е G с 
T. SF 2 poc 9 с EN E ^ г 
4 05222054 A. 8, 7 с £^ Fe À с 
1 3 r. OF c M Е G C 
> Ub 1 5 ES ES S б, Dt E а с 
3202 5 3 6 7 с Dt FR б с 
8 3 3 6 if c vt FR B с 
Ge m e 3 в ? c bt Gt A c 
a 5 ^ 3 814 с Dt G^ в с 
= Ut 0 5 & 9 ^or re A f 
5 K 9 5 B = Е Gt À с 
5 3 60 8 8 tf F Gt B С 
(02/4 8 0 1 Dn G C 
n 8 4 ет Df GA L 
{ 4 2 5 à 4 „ 6 
1 2 © Ч ° 1 ғ At 
o BE = " ^ 4 Fe G+ 
аз G 4 Ft At 
$ ۾‎ °з Dt G 
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174 


50 10 — 9 


1 
1 
4 
2 
2 
2 
7 
7 


32090002900 


г 
c 


ә 


обоз 
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Table 11-3, Seven-Note Structures Containing only Major and Minor Thirds, Sorted and Grouped by Tension. 


SIGMA ?'S 


31 
al 
41 
31 
31 
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Table 11-4, Seven-Note Structures Sultable for the MT Idiom, Not Restricted in interval Content. 


CLASS 


MIT 
MI? 


bs 
ыз 


MAT 
МА? 
-MA7 


muun 


MI? 
MI? 


bb шыш 


ыы 


MI 
MI 
MI 
MI 


S 
Q Q 6i Gi 


«МІ 
+MI 
МІ 


ышы 
ышы 


(е? 
167 
LG? 


чыш 
N 
ыма 


ма? 
МА? 
МАТ 
МА? 
MA? 


4 3 4 
434 
443 
443 
443 


+7 
+7 
+7 


ымы 
Wb ot 
оза 


*MAT 
+MA7 
+MA7 
+MA7 


ышыы 
Bobo 
اا لن جد‎ 


7+3 
7+3 
7+3 


— 2 U 


m 


MA7+3 


+MA7+3 
+МАТ+З 
+МА7+3 
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Table 11-5. Structures Consisting of Two Strata of Major Triads, Sorted by Tension. 


310 
1010 
1011 
1013 


1190 
5 4190 


1111 


3004 


2093 


6 2202 


6 3102 
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Table 11-7. Structures Containing а Triad of Perfect Fourths in the 
Lower Stratum, with a Triad of Major and Minor Seconds In the Upper Stratum. 


121 
424 


1001 


; 1607 


1012 
1012 


179 


180 


onnon 


ó 
6 
6 


У‏ ددج ددد 


эзы 


с 
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£ B c Dt G 5 117 
C F в р Е ^ 5 111 
[ F в D^ G B 5 tí 
C F B G в D+ 5 11 
É F n B Dt 6 5 111 
с F^ B D F^ A 5 111 
C F^ В E G^ E 5 111 
C Ft B с Е G^ 5 111 
C F^ B E G^ C 5 111 
с F^ B G^ C E 5 111 
[ at D^ Gt D 6 113 
F^ F E ^ D 6 113 
б Е G FA À с 5 129 
€ Dt 5 á 5 G 5 120 
А D^ G D^ А D 5 12 
c Dt f4 F Gt С 5 120 
с Dt F+ Dt Gt D 5 120 
t F E 5 E D 5 126 
р г B D 5 с 5 120 
с F^ B ct BR D 5 120 

Ë t G р Ft 27 ó 

с Е : Fr At D 6 

с Е G м D F^ 5 

2 D G at D F 5 

с Е Gt Dt Ft at 4 

Ë E G+ с at D ó 

с Е 61 B 5 F4 é 

С Е At ñ p G & 

с i at Gt D (9 6 

р F в А D G 6 

G D Ft A E 

G D F ^ 6 

G D^ G в 5 

G G в p^ = 

G B D^ „ 5 

£ B D^ Ft 5 

5 с F^ B 5 

Gt р b б 5 

Gt E G B s 

: Gt Gt B Dt 5 

: B E Gt B 5 

г р н C E Gt 5 

Ë F в г G € 5 

С : Е Gt C E 5 

р ; в [ Е 4 

с F^ E с F в 4 

c F^ В Ft F 4 

€ Ел В F^ E. F 4 
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€ Е G B At 
г L ^^ в D 
с F at At А 
с F B ^ E 
c E R с А” 
с F в R [3 
È F B B At 
I» Ft В Е с 
с F# B Dt At 
Ë F ^t E At Dt 
С I B F A^ Dt 
с F B A D^ Gt 
с F4 B E а D^ 
с F^ R В Е At 
t F ^^ ^ D+ Gt 
[n F в At D+ Gt 
c É G с D^ F^ 
c E G E^ B È 
c E G с F4 B 
с Dt G G B D 
с Dt F4 R D FA 
с D+ F# с Е В 
с Dt F^ F^ B F 
(м F в с Е G 
с F R E G B 
C Ft в F Gt с 
E F4 n F Gt E 
с ET E B D F 
f G D+ U^ At 
|; G At p+ ^ 
D+ f D F^ а^ 
nt 5 r+ At p 
D+ G а^ D FA 
n^ f F^ С f 
E Gt Bt í, а” 
Í Gt t в n 
L Gt n bt. Ft 
Е 67 pt G^ D 
E Gt G C Ft 
| Gt в £ at 
F в At D f 
, р pe Gt D 
F в ^ D Gt 
Fe Е D F 4 
Ft Ë D F4 at 
FA в Ft At D 
гм B At D F4 
Fî B D+ ^ D 
Ed в ^ Df G 
е м G n F a^ 
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[a OD 


MO SOOO OO 


T b s b b b b b b ppp BHD 


(л адал 


A LA UT талы 


n >> 


aun à 


AU 


ми 


1990 
1000 
{800 
1606 


1901 


1001 
+001 
+991 


1092 
1002 
1002 
1002 
1002 
1907 
4002 
1992 
1002 


1004 


1010 
1019 
1010 
1011 
1011 
1011 
1011 
1011 
1011 
+011 
1011 


185 


186 


25555 


x 


AU 


Uu uu 


ли 


BRU 


LA UT UE ا ای مھ‎ 


1100 
1100 
1100 
1109 
1101 
1191 
1501 
1101 


[А Е Gt Bt Gt ct 5 1101 
с Е G^ 5 с F 5 1104 
с Е Gt B E ^ 5 1104 
с Dt Fr Fe B E 5 1101 
cC F At Ct F À 5 1101 
с F At F ñ C+ 5 1101 
€ F At А C^ F 5 1191 
с F AT F^ ^ 1 5 1101 
C F At At Et Е 5 1104 
с F At с F в 4 1101 
с F At в F At 4 1101 
с F B в bt F+ 5 1161 
5 F H с Pt Ft 5 1101 
с F R Ft а [^ 5 1101 
r FM B г Ë G 5 1101 
с r E E G R 5 1194 
с | G A+ Dt Gt 6 1102 
с тж G F# аж Ct 1102 
( rt r^ с^ FE В 5 1102 
Dt Ft в Е ñ 6 1102 
D^ FA аж Е А $ 1192 
І A^ C^ E Gt 6 1102 
1 AT n^ Ft ^ å 1102 
f A^ f Gt B 5 1402 
F B p+ F^ а 6 4402 
" Е с I At D+ 6 1103 
E * At 1 7 t D^ 6 1103 
С [ G Et Ft с $ 1110 
р ї € G Ct Ft 3 1110 
{ D+ G D+ 6^ D 5 1110 
( D^ © Gt D G 5 1110 
G p+ G А Dt сл 5 1149 
t b^ r+ p G € 
Í. r R C^ F Gt 
Í r R n p F+ 3 
£ FF E G в D 5 1110 
( re В £^ Ft E 4 1410 
р Fr R D G с 5 1110 
i r+ в pto ET: в 4 4110 
с | 6 FR At Cf 6 1111 
C E G Gt B D 6 1411 
с 5 D G ot 5 4444 
б G Fe ^ ct 6 1111 
с (e F Gt B 6 1111 
Ú G B E ё 6 1111 
c f it E А 6 4444 
Ü : Gt Dt Ft А 6 1111 
D i üt 5 at ct 6 $411 
e ! Gt Е D F 6 1111 
с r Gt b Gt C+ 51114 


Ë i C^ i F 
с [ Gî Е А 
£ FA Gt E 
: F4 a^ D 
ГА F^ F ^ 
Ё FR а с” 
É F+ á Ct F 
c Fi с с i 
L › Ft A D 5 
с р At D F^ À 
с F At Ct E Ë 
р F at в D F 
n F At с с F+ 
Ë р n D Ft A 
с [ B Ct F ^ 
с Г в F ñ C^ 
C i в ^ Ca F 
с Ft E Ft À cr 
£ Е [ Ë р 
Ë D^ G F at 
с р Gt C^ FA 
Ë р Gt F nA 
с f Gt D 
Ë D^ Ft Ct 
ë Dt F^ ^ 
£ F at f 
с [ At E 
с ۴ At D+ 
c ; at B 
C [ At C^ 
с р At D Gt 
с [ n D^ G+ 
C Ft B á C^ f 
€ Fe E á 0 G 
р Е Ft A са 
t r n Ct G [ 
É F^ B Gt Ct Ft 
E G ^ D G^ 
Dt G p r G^ 
D^ G E а D 
D^ F+ [22 G^ 
р At G B р 
i At D G Et 
Ft B C^ E Gh 
F4 B D^ G^ Ct 
[ G Gt B D^ 6 1200 
Dt G F^ B E $ 1201 
D^ в в Е At 4 1201 
; at 4 Ch Е 6 1201 
с [ at в Е at 5 1201 
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С F ^^ F E 
F B Vt в 
Ft в 7? с 
с Ft Ë G £ 
E 5 E F At 
Dt 5 Et F^ В 
p+ F4 R E A^ 
} At E 5^ H 
c l в D+ F4 At 
© rt в G ^t 
[9 ; G ^ D^ G^ 6 1210 
с Dt G Gt B p 6 1210 
с p+ Ft G B n 6 1210 
( f n Ct F Gf $ 1210 
fi [ Е t E F4 $ 1210 
{ Е & ct к^ n 
E € pt Gt D 
Ë { rt С | 
р? 5 D G C^ 
D^ 5 F н f 
I 5t р G Ct 
[ F4 H F 
E Gt ar D^ ñ 
E G^ D+ е р 
L Et с ct Ft 
! Gt n F A^ 
f At E б h 
Г H А Ct E 
р Е At £^ Ë 
І B D F+ At 
2 f E F^ At D 
1 1 B at D E+: 
c Ft R Ft ñ Ë+ 
с F+ с AM 17 
Ft Et Е ё 
Ft E á C^ 
E Ft ñ ct р 
f Dt Ft f ^ E 
D Ft B At ct Е 
D+ & ^ D в” 
D+ F^ Gt D n 
F в D^ E G 
f в Gt Ct G 
F В D Gt ct 
FF в ct F G+ 
Ft в Gt D G 
г Dt EN D Gt ot 
{ F B G At G+ 
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D Gt C^ ó 
в E ^ ó 
Fe B F ó 
F B Е 

at C^ Е 1 
A^ Ct F А 


200 


2004 
2004 
2004 
3 2004 
5 2994 


CE F & 2002 

tt Е 2002 

ct 2092 
Е G at 5 2002 
G ar Ct & 2002 
at C^ E ó 2003 
Gt ct F^ cs ó 2005 
C^ | ^ 8 2011 
F ^ C^ 6 2011 
а C^ P 6 2011 
^ C^ Е 3 6 2044 
D F ^ : 


D г Gh: 6 2012 
at F G^ 8 2012 
ct Е Gt 6 2042 
t G^ B ¢ 2:00 
F Gt ORB 5 
04 üt ct é 
Е G # 2 
FA A CA ° 


2441 


— 


3600 
3000 
3090 


3001 
3001 


3002 


3102 


ЕРЕШЕ 
5 3210 


The “simultaneous” composition of harmony and 
melody can, in theory, be carried out in two dif- 
ferent ways; the word appears in quotes because 
both methods consist of two sequential steps. The 
names given the two procedures couldn't describe 
those steps more clearly—harmonization of melody 
and melodization of harmony. But the composition 
of harmony and melody is, in practice, carried out 
through an unpredictable mixture of these methods 
that may seem "simultaneous" to the composer. Не 
might begin with a melodic motif, find that it cries 
out for a particular harmonization, and then find 
this harmony suggests a short sequence of chords 
to follow which, in turn, brings to mind its own 
melodization. The process continues in this almost 
self-directing way, though of course, control and 
responsibility are the composer's. 

Our ultimate goal will be to create algorithms 
that let the composer work in just this way, but that 
requires a thorough understanding of both tech- 
niques. Melodization of harmony is by far the easier 
method. In fact, before I had access to APL, it was 
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the only technique I programmed. 1 was unable to 
collect enough energy to attack the problem of har- 
monization of melody until the more powerful 
language was available. When I thought about 
reprogramming my melodization techniques in 
APL, I realized there was practically nothing to pro- 
gram. The original effort went mostly into the crea- 
tion of an interactive environment that could handle 
vectors and matrices! As a result, I will briefly 
describe melodization techniques first, and then go 
into harmonization in far more detail. 


MELODIZATION OF HARMONY 


This technique is used instinctively by 
amateurs and as a weapon against instinct by pros. 
The amateur relies on the enormous collection of 
musical clichés that pervade the MT idiom. Each 
cliché consists of a sequence of a few chords and 
any number of stylized melodizations. After the am- 
ateur selects his first few melodic tones, he im- 
mediately "hears" one of these cliches fall into 
place and it then guides him through the rest of the 


EE 


Fig. 12-1. The sixth entry in Tables 11-4 (chord) and 12-1 
(scale). 


first motif. If a “connecting” cliché doesn't lead the 
way from there, his own approach to development 
will help him begin the next motif with one or two 
notes, and again he will “lock in” to a cliché and 
carry on. 

Professional composers “hear” these same 
clichés, but do their best to avoid them. One way 
to do this is to compose an unusual chord progres- 
sion and then find a melody that fits it. Without the 
new progression, habitual forces can restrict one's 
melodic choices to the same old hackneyed 
patterns. 

Having no instinct, the computer must depend 
on our programs to compose sequences of chords 
and to fit melodies to given chords. We'll reserve 
the problem of composing chordal sequences for the 
following chapters. Here we'll assume that, at any 
given time, there is a given chord that needs to be 
melodized. The seven-note structures described in 
the previous chapter suggest a convenient basis for 
method here because their complete tonality can 
be spelled out as scales for melody as well as for 
harmony. Table 12-1 at the end of the chapter 
Shows the same structures that appear in Table 
114, but compressed into scales. 

Now suppose the harmony that needs melodiza- 
tion is the sixth one in our list, a C-minor-seventh 
structure (Fig. 12-1). In APL, the complete har- 
monic structure can be represented by the vector 


HRM -0 3 7 10 2 5 9 
and the scale by 

SCL-0 235 7 9 10. 
A chord might now be chosen using 


CHD — НАМ 1 3] 


and a melodic fragment 
M ~ SCLI4 3 4 5 12] 


all of which combine to produce Fig. 12-2. 

At first, the problem of finding a melody to fit 
a given chord seems only to require the selection 
of numbers (structure indices) from zero to six. But 
from all that has been said about sensibility, it 
shouid be clear that the individual snippets of 
melody that go with each chord must also fit to- 
gether to satisfy the requirements of structure in 
the larger sense. This means that two critical pro- 
blems must be solved in a melodization algorithm. 
First, though the numbers that generate the melody 
are now indices to harmonic structures, the melodic 
motifs must still show structural relatedness. And 
Second, the pieces of melody that fit the individual 
chords must link together without awkwardness. 


А Geometric Approach to Melodization 


A method that could take us too far afield uses 
computer graphics and what Schillinger called 
melodic trajectories and the axes of melody in 
pitch/time space. Briefly, this involves the construc- 
tion of "curves" that will guide the melody. Al- 
though continuous (though not necessarily smooth) 
curves are used, our psychological need for quan- 
tization in pitch and time requires that the curves 
be “sampled” to extract just those points whose 
time coordinates correspond to the rhythmic at- 
tacks of the melody. Each sampling then provides 
a point whose pitch coordinate needs to be adjusted 
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Fig. 12-2. A chord and melodic fragment selected from a 
seven-note structure. 
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to the nearest tone in the harmonic structure that 
is being melodized at that point in time. 

In principle it would seem that formal structure 
in the melody could be ensured by selecting and 
manipulating geometric shapes that repeat, reflect, 
expand, contract, and meet end-to-end through 
translation. Unfortunately, this is extremely diffi- 
cult to achieve in practice because it requires that 
the curves be scaled and pieced together in such 
a way that their important features are not lost in 
the sampling process. It forces the user and the pro- 
grammer to deal with many tedious ideas that relate 
only tangentially to music. Without intuitive con- 
trol over the relation between rhythm and 
geometry, this technique holds limited promise for 
application to the MT idiom. Of course, there is a 
great potential here for anyone interested in explor- 
ing new directions. But I would hesitate to show 
all my results to anyone who doubts that computers 
can be used to compose real“ music. 


A Numerical Approach 
In order to get to the point where the melodiza- 


tion process begins, let's consider an actual situa- 
tion where the following technique was used. A 
lyric was given and the rhythm for the entire 
melody was worked out by my usual method of 
transcribing its recitation into musical (rhythmic) 
notation and adjusting for meter and bar lines. 
"Then, a chordal rhythm was superimposed on the 
melodic rhythm, i.e., I decided where successive 
harmonic changes would occur. The first eight 
measures then had the rhythmic definition shown 
in Fig. 12-3. 

Next, a sequence of chords was selected to fill 
the harmonic rhythm. (We'll look into the problem 
of composing harmonic continuity in the next 
chapter.) The five structures chosen for the phrase 
shown below were all from the major-seventh class 
(marked MA7 in the tables) with root tones Eb, Ab, 
Ff, E, and B in that order. 

Now, a set of melodization vectors was chosen. 
By using a small number of vectors, each with no 
more than four entries, a certain amount of struc- 
tural integrity is assured because these vectors (and 
the patterns they contain) must undergo some 
repetition to account for all the attacks. In APL the 


HE 


Harmony 
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Fig. 12-3. Simultaneous rhythms of 
melody and harmony selected for a 
given lyric. 


vectors that were selected could be expressed as: 


- 5СЦ4 0 1 2] 
М2- SCL[3 2 1 2] 
M3- SCL[1 0] 
М4- SCL[6 0] 


The indices here refer to the scale-like structures 
in Table 12-1. It is worth noting that the entries 
were chosen so each vector ends one scale step 
above or below the first entry in some vector! 

Any method can be used to select the sequence 
in which these vectors should appear, but too of- 
ten no consideration is given to the problem of con- 
necting the successive segments of the melody. In 
this particular case, the method that was used 
depended on geometrical considerations that con- 
fined the melody to the area between two selected 
curves in pitch space. It is critical here to notice 
that these vectors contain indices to scales. Each 
change in harmony here changes the root tone of 
the scale, though in this case the scale intervals re- 
main the same (because all the scales use the same 
MAT structure). 

An algorithm to control the range of the notes 
specified by the melodization vectors will seem 
quite complex if those vectors are interpreted in a 
rigid way with respect to the root tones. My ap- 
proach applies the indices to a single root tone— 
the first. In this example, this method guided the 


selection process so that the entire melody was cho- 
sen as if only an Ei-major structure was to be 
melodized (Fig. 12-4). If the same choice of vectors 
had been applied directly to the proper sequence 
of chords (scales), the melody would have been the 
one shown in Fig. 12-5. The ungainliness apparent 
here as the melody "adjusts" to each root tone is 
a typical feature of direct melodization of harmony; 
the overall shape of the melody loses coherence 
because the individual segments are displaced from 
each other through seemingly arbitrary intervals. 

Still, we must account for these changes of har- 
mony in the final step of the process; the melody 
cannot remain in a single key. À musician would 
alter the monochordal melody to suit the correct 
harmony by leaving each note just where it is on 
the staff but adding sharps or flats as needed to ac- 
count for the designated tonality at each point. This 
effectively maintains the geometric shape of each 
melodization vector even though the vector's en- 
tries are interpreted with respect to a different 
structure. It also preserves the “connected” quality 
of the original melody, i.e., the way each vector 
leads to the next through one “scale” step. 

In our example, the first two measures need no 
alteration because the first chord is the one that was 
used throughout the initial melodization. In the 
third measure, the root tone of the harmony 
changes to A». The algorithm I used to mimic the 
musician's approach found that this was three scale 
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Fig. 12-4. The sequence of melodic vectors chosen for the melodic rhythm shown in Fig. 12-3, but fitting only a single 


harmonic structure throughout. 
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Fig. 12-5. The same sequence of melodic vectors adjusted to fit a sequence of scales satisfying the harmonic rhythm 


of Fig. 123. 


steps above the initial root (in the initial scale). So 
minus three (modulo seven) was added to each en- 
try in the melodization vector to compensate for this 
root-tone motion. Notice, the melodic fragment here 
contains the entries, 1 0. Adding minus three 
changes them to -2 -3 and, through modulo seven 
arithmetic, to 5 4 in the Ab scale. The next root, 
Ft or Gb, is not in the initial scale, but my algorithm 


decided it was approximately two scale steps above 
the initial root. As a result, minus two was the value 
used to adjust the melodic line for this tonality. 
Following this procedure throughout the piece pro- 
duced, I think, a noticeable improvement (Fig. 
12-6). 

I have not shown any of the algorithms here 
because they were never fully implemented in APL. 
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Fig. 12-6. The same sequences of melodic vectors and harmonic scales, but with root-tone-motion compensation to fit 


the melody to the harmony. 
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When I began to express them in the better 
language, the programming details that were no 
longer needed fell away, allowing me to see cer- 
tain musical ideas that had been hidden. These 
ideas revealed a general approach to harmonization 
of melody that captured my imagination. From 
there, the path has never turned back to the simpler 
technique. 


HARMONIZATION OF MELODY 


This technique also presents us with a pair of 
problems. Not only must each chord fit the given 
melodic segment but, on going from one chord to 
the next, each change in tonality must seem ap- 
propriate. In the remainder of this chapter РИ 
demonstrate a technique that relies on the explicit 
evaluation of tension between melody and harmony 
to account for the problem of fitting the two to- 
gether. The problem of continuity will be treated 
through the use of preference arrays. 

When a composer selects a chord to harmonize 
a string of notes, he must (at least subconsciously) 
consider the types of chord from which he will 
choose and the root tones that will bring each chord 
into a position that forms an acceptable tonal rela- 
tion with the melody. It would be unthinkable for 
him to make a list of each type of chord transposed 
into all twelve keys and then refer to that list to 
make his choice. Yet such a list would include all 
the cases he does consider as well as all the ones 
he misses through oversight or fatigue. A computer 
algorithm can not only assemble the list, it can 
search through it to find all the acceptable entries. 

To construct the list, we can begin by building 
an array containing the intervals for each type of 


> ZeHBLK 5а 


ZeCTONSYS, pSA PSA 


structure we may want to use. For example, a struc- 
ture array defining just major and minor triads 
would be 


5А-2204334 


The first row, SA[0;], would hold the intervals of 
the major triad, 4 3, and the second, SA[1;] would 
contain the minor intervals, 3 4. Now, the function 
listed in Fig. 12-7 will create an array containing 
all of the types of chords defined in the given struc- 
ture array (SA) built on all the (root) tones in our 
pitch system. 

"This function, HBLK, will produce an array 
(a Harmonic-structure BLocK) in which each row 
describes one of the chords from the interval- 
Structure array (SA) built on a particular root tone. 
The first entry in a row specifies the type of chord 
by showing its row index in SA, i.e., the entry r 
would refer to the structure in SA[ c: J. The remain- 
ing entries in that row display the pitches in the 
chord. Notice that the first two entries in a row then 
give the structure and root and so are sufficient to 
identify the chord to the composer. Of course, two 
numbers, such as 1 10, may identify a Bb-minor 
chord sufficiently, but they don't do so efficiently. 
However, it's easy enough to construct an array of 
names that "parallels" the structure array, SA: 


NAMES - 2 3 о 'MAJMIN" 


and a function that makes use of the numbers (1 
and 10) and the fact that 

(N2NP 10), NAMES[1;] 
will spell out “A 1 MIN.” 
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Fig. 12-7. Function HBLK constructs all possible chords that conform to the given structure array, SA. 
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The “harmony block" (the array produced by 
HBLK) can also be tested row-by-row against the 
target melody to find the most suitable harmoniza- 
tion according to some specific criterion. That is, 
if we call HA the array: 


HA — HBLK SA 


and say TM is the vector of pitches in the target 
melody, then we might decide to count the number 
of melody notes present in each of the chords (rows) 
of HA: 


CNT — +/0 11HA)eUNIQ TONSYS|TM. 


CNT would be a vector whose Nth entry showed 
the number of melody notes contained in the chord 
in 11 HA[N;]. (Note: the "опе drop" here removes 
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the chord type so that only the notes are used in 
the test.) This vector could now be used in a con- 
ditional expression to eliminate rows of HA whose 
"count" falls outside any desirable range. For 
example, 


HA — (CNT > N/[0] HA 


would remove rows with fewer than N melodic 
tones in the chord. Any number of other criteria 
can be used to test the chords against the target 
melody and compress out those chords that fall 
below some explicit standard. 

But rather than discuss one abstract point after 
another without reference to any particular musical 
situation. I'll demonstrate the use of one of my 
earlier harmonization algorithms in treating the one 
melody in Figure 9-9 that was not exhibited with 
harmony in the chapter on melody. The main func- 
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Fig. 12-8. Function HOFM interactively guides the user in the harmonization of a given melody. 
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tion is called HOFM for Harmonization OF Melody 
(Fig. 12-8). In addition to HBLK, this function also 
requires three auxiliary routines: HOFMIN, 
HOFMOUT, and SHOW (Fig. 12-9). 


Preliminaries to the Harmonization Algorithm 

As was true for the function FORM, this one 
also serves mainly to keep account of bothersome 
details analogous to bookkeeping. The user who 
understands certain cryptic messages and knows 
the internal names of critical global variables is 
relatively free to concentrate on his own criteria for 
harmonization. In this first example, tension will 
be given the starring role in fitting harmony to a 
given melody. The melody to be harmonized was 
created in Fig. 9-9 using 


4 OVLP2 27 


In keeping with the austerity practiced in 
designing the function DVLP2, we'll limit ourselves 
to the structure array SA shown above which con- 
tains only major and minor triads. Through the use 
of tension, we can find particular chords from this 
set that will harmonize the segments of the melody, 
but we must also exert some control over the rela- 
tionship between successive chords in the con- 
tinuity. Without yet looking more deeply into that 
problem, we'll make use of preference arrays. As an 
example, one of these arrays will be: 


PRF1-43001501610 1105 


or 


== 
conn 
т = = 


Because SA describes just two structures, every 
chord will correspond to type (row of SA) zero or 
one. The entries in the first two columns of our 
preference arrays will always refer to types of struc- 
tures in this way. These first two columns relate 


the previous chordal type to the one about to be 
selected. The third column in the preference arrays 
specifies the motion of root tones. PRF1 can now 
be restated in the form of a compact set of 
guidelines: 


Row 1: If the current chord is major (row zero of 
SA), the next chord can be minor (row one 
of SA) providing the root tone for the new 
chord is five semitones above the present 
root. 
2: A major chord (zero) can also go to a mi- 
nor chord (one) if the root tone moves up six 
semitones. 
3: If the present chord is minor (one), the next 
chord can be major (zero) if its root is one 
semitone below (minus one) the current root. 
Row 4: A minor chord (one) may also move to a 
major one (zero) if the root moves up five 
semitones. 


Row 


Row 


There isn't much slack in these guidelines; 
situations might arise in which no chord can be 
found that will satisfy one of these rules. The 
analysis routines should inform the user when such 
a situation arises so that he can suggest a less 
stringent condition that might be met. At the other 
extreme, more than one result may satisfy the given 
conditions. In that case, the user may decide to let 
the program choose among the possibilities in some 
prearranged way, or he may want to enter addi- 
tional constraints of his own. Even if no such prob- 
lems arise, the tautness of these guidelines may 
harness the results in an overbearingly strict style. 
To get around this obstacle, a global name, PREF, 
is set aside for the preference array within the 
algorithm. The user can begin by setting 


PREF ~~ PRF1 
to invoke the preference array defined above. If at 
any time he feels his results are falling into a stale 
pattern, he can revive them with fresh guidelines 
by resetting PREF to some other array, such as 


PREF — PRF2 
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Fig. 12-9. Function HOFMIN handles the interactive input to HOFM, function HOFMOUT constructs the final listing of 
results, and function SHOW displays “quad-requested" items for HOFMIN. 
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We would now be ready to call the harmoniza- 
tion function, HOFM, if we had the left and right 
arguments at hand. The right argument is the 
melody to be harmonized, and we will use the 
variable M after setting it by the statement 

M-4  DVLP2 27. 

The left argument deserves a lengthier in- 
troduction. 


The Attack Vector for Harmonization 


The left argument must describe how the 
melody is to be segmented for harmonization. In 
other words, it must specify how many melodic 
pitches are to be accompanied by the first chord, 
how many must fit the second, and so on. This 
means it will be a numeric vector whose entries 
must satisfy the condition: 


(+/А) = oM 


that is, the sum over the entries in the left argu- 
ment (the attack vector) should equal the number 
of entries in the right argument (the melody). Fre- 
quently I will refer to the left argument as the kar- 
monic attack vector although, strictly speaking, it 
is a melodic attack vector in which the individual 
entries apply to separate chords instead of to time 
intervals. 

Each entry in the left argument must be a 
positive number not necessarily an integer, al- 
though the sum of the entries must still be an in- 
teger in order to account exactly for all entries in 
the melody. Two consecutive attacks of 2 3 would 
mean that two notes of the melody must go with 
the first chord and the next three notes in the 
melody must fit the second chord. 1f we changed 
the two attacks to 2.5 O 2.5, the same five notes 
would be harmonized by two chords, but the change 
in harmony would occur while the third melodic 
tone was still being played. The actual value of the 
decimal doesn't matter; the first 2.5 indicates the 
first three notes are to be harmonized, but the chord 
will change somewhere during the time allotted to 


the third note. The second 2.5 also says three notes 
are to be harmonized, but the previous note, 
because it is still being played, counts as one of 
them. Similarly a sequence of attacks such as .3 .3 
-3 .1 would cause four successive chords to har- 
monize the same pitch. Again, the actual values 
have no effect other than to change the pitch when 
the running total reaches a new integer. 

In this example we'll avoid unnecessary com- 
plexity by using only integers in the attack vector. 
But as you might expect, because we are again deal- 
ing with rhythmic matters, no attempt will be made 
to automate the construction of this vector. I'll try 
to describe here the considerations that led to the 
attack vector used in this example. 

First, the melody had been derived through 
“building blocks” that made no direct reference to 
scales or even scale kernals. It's not surprising than 
that the pitches in M contain two potentially 
troublesome chromatic successions of tones, 4 5 6 
7 and 7 8 9 10 11. Such lengthy sequences of 
semitones present a severe challenge to any har- 
monization logic. Few, if any, chords will fit such 
segments within given tension limits and at the 
same time fit into the continuity, following the 
previous chord according to the requirements of 
preference arrays or "'sensibility." A glance at the 
keyboard diagrams in the preceding chapter that 
show the tension of all tones with respect to major 
and minor triads will point out that, without chang- 
ing chords, sequences of three or more consecutive 
semitones are almost sure to contain some blue 
notes. (In the denominations of tension currency, 
the blue ones are worth a thousand.) So the surest 
approach is to assign values to the attack vector that 
force the harmony to change in the midst of such 
a sequence so as to allow no more than two or three 
consecutive semitones in the same melodic 
segment. 

The second consideration relates to temporal 
form. In this case, the 55 notes of the melody had 
been distributed in metric phrases beforehand. Re- 
call, there were four examples that had this same 
number of melodic tones. In each piece, the same 
rhythm was used in which the 55 notes were 
stretched over five four-bar phrases as follows: 
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Here the melodic phrases suggested by the building 
blocks were interesting enough to be used directly 
for the rhythmic phrases, without interference be- 
tween the two. (You may recall that the building 
blocks in the original example in Chapter nine 
created melodic segments that seemed so trite, in- 
terference was used there to "rephrase" the 
melody.) Before harmony was even considered in 
this case, the phrasing caused those sequences of 
semitones to straddle the phrase boundaries where 
chord changes were sure to occur anyway, thus 
practically eliminating the problem of consecutive 
semitones. 

The left argument was constructed in the 
statement 


АТК-244224411244288111 


This attack vector has 18 entries. It indicates the 
first chord chosen must harmonize the first two 
notes of the melody. The second chord must fit the 
next four entries in M, and so on. The eighteenth 
chord will be chosen to harmonize the last of the 
55 notes in M. 

Using rather inexpensive hardware—a pencil— 
directly on a listing of the pitch numbers in the 
melody, one can mark off the successive tones as 
they are included in the harmonic attack vector. In 
this way, the first three phrases were accounted for, 
almost copying the melodic attack numnbers shown 
above directly into the harmonic attack vector. My 
normal approach is to limit each harmonic attack 
so that no more than three to five different pitches 
will need to be harmonized by one chord. The 
melodic attack groups for the 55 tones here meet 
that concern directly: no group has more than four 
notes. 

But on reaching the fourth phrase, the one con- 
taining four fours, my pencil showed that five notes 
repeat in sequence, accounting for all 16 attacks. 
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Instead of the threat of having too many notes to 
be harmonized by one chord, this raises the 
possibility that there will be too few chords that will 
harmonize the same repeated tones. If we assign 
each group of four notes to a chord, almost the same 
set of possible harmonizations will be found for all 
four chords. With only two kinds of structures (ma- 
jor and minor triads) from which to choose, all selec- 
tions would most likely appear to be from the same 
overall tonality, and the resulting phrase would re- 
quire very special treatment to avoid the uncom- 
fortable harmonic sensation of “going nowhere" or 
even backtracking.“ For this reason, two chords 
accounting for eight notes each were indicated. 


Parameters and Phases of Execution 

The listing of the entire session to be described 
is shown in Listing 12-1 at the end of the chapter. 
For reference purposes, the significant data just de- 
scribed are exhibited before the actual call for ex- 
ecution of the function HOFM. Even my pencil 
markings, breaking up the M (melody) vector for 
harmonization and highlighting the chromatic pitch 
sequences, can be seen. Notice also the definition 
of the alternate preference array, PRF2. 

When at last we hoist anchor, calling the func- 
tion with explicit arguments, 


ATK НОҒМ M 


the computer fires back the enigmatic question 
120? 


To put the question in more user-friendly terms, 
the computer is merely asking if it would be alright 
to begin at the beginning with the attack group 
whose index (I) is zero. If I were so motivated, I 
could type, “1—6,” at this point to force the sev- 
enth chord (whose index is 6) to be selected first. 
Lacking such enthusiasm, I simply press the Re- 
turn key to indicate that “1=0” is fine with me. 

Now the system responds with another user- 
antagonistic message: 


TM - 46 
S, P, XP, FOR XF (OR O ) ? 


The first line states that the target melody (TM) 
for the chord about to be selected contains the two 
pitches, 4 and 6. The next line asks whether I care 
to assign special values to any of the parameters 
listed (S, P, XP, F, or XF) or see the results of har- 
monization so far (which could be requested by typ- 
ing a quad symbol). Why should it offer to show 
results that don't even exist because harmonization 
hasn't begun yet?' you ask. Claiming economy 
rather than sloth, I programmed it to display the 
same message for every segment of harmonization, 
including the first. By responding 


S-F-1 


I ensure that this harmonic structure (S) will be of 
the type in row one (1) of the structure array and 
that at least one of the pitches in the target melody 
will be note number one (the pitch above the root) 
in the chord. If S is not specified, all rows of the 
structure array will be considered in choosing a 
chord. 

The symbol F conforms to Schillinger's ter- 
minology wherein chordal tones are referred to as 
harmonic functions. (I would never have used that 
symbol had I known that someday I might need to 
make clear to others the useful function served by 
a harmonic function in a mathematical function ex- 
pressed by an APL function. As part of his insight 
into tension, Schillinger felt that, in a harmonic 
Structure built in thirds, each higher note in- 
troduced into the chord serves the function of 
adding increasing tension. Thus he believed the 
numeric value indicating the position of a tone in 
a chord (e.g., the fifth, the seventh, the ninth, etc.) 
“functioned” in some way as a measure of tension. 
In the system of measurement adopted here, this 
does not hold.) In this algorithm, F merely serves 
as the index of a note in a harmonic structure, and 
with only triads defined in the structure array, F 
may only have the values zero, one, and/or two. By 
default, if F is not specified by the user, a chord 


will be tentatively acceptable if it contains any of 
the target tones in any indexed position. 

The default value for the parameter P is a vec- 
tor equal to the target melody. The program tests 
all chords produced by HBLK and keeps only those 
that have any of the pitches in P in any of the 
chordal positions indexed by F. The user may al- 
ter P in any way he wishes.The parameters XP and 
XF can be used to identify pitches that must not 
appear in particular chordal positions. These excep- 
tional pitches (XP) are initialized to 1, a value 
which will never appear in any chord because the 
tones are specified modulo 12. XF is preset along 
with F to contain all chordal positions. So by de- 
fault, no exceptions will be found. The user might, 
for example, set XP to 3 and XF to 0 2 to prevent 
any chord from having Eb either as its root (index 
0) or fifth (index 2). 

After another carrriage return (an empty line) 
to signal that I don't care to specify other 
parameters, the program begins the last phase of 
its selection process for this chord by presenting 
one more cryptogram: 


CND- ‚СМТ? (СМО,СМТ,НА,Н?) 


Deciphered, this asks, “Will it be acceptable to 
choose the ‘best’ chord to be the one satisfying the 
condition (CND) that it possesses by direct count 
(CNT) the largest ( r /) selection of pitches from the 
target melody and the parameter P? Also, would 
you care to examine the current value of the con- 
dition (CND), the count (the vector CNT), the har- 
monic alternatives (HA) which are the chord 
structures from which the final choice will be made, 
or the list of harmonic structures (H) already cho- 
sen thus far?" 

By responding with another empty line, I in- 
dicate my answers to be “уез” and “по” respec- 
tively. (In the interest of clarity, I should point out 
that these are not really questions in the “yes-or- 
no” sense. They are actually reminders which the 
user can choose to ignore.) 

Throughout the harmonic selection process, the 
program prompts the user with the same three 
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questions for each chord: 


IN? 
S, P. ХР,...? 
CND = /CNT? 


In each case, the user is given the chance to alter 
the various parameters or conditions which will 
otherwise be chosen according to the 
preprogrammed logic. The three questions initiate 
three distinct phases of the selection process. The 
user can enter as many statements as desired in 
each phase to set parameters and examine existing 
values. Only after he enters an empty line are the 
current values of all parameters pertinent to that 
phase passed through the logical operations in the 
program. Then the question that initiates the next 
phase of the operation is displayed. For brevity, the 
three phases will henceforth be referred to as “1- 
time," "S-time," and C- time,“ respectively. 

I- time merely establishes the index, I, for the 
chord that is to be chosen. By default, I is set for 
the chord with the lowest index that has not yet 
been defined. When S-time begins, the parameters 
(S, P, F, XP, XF) and the current target melody 
(TM) are reset by the program. The user then may 
alter any of them before going on to C-time. On 
entering C-time, just those harmonic structures that 
satisfy the parameters are made available and the 
"score" for each one is tabulated. The user may 
then impose further selection criteria to narrow 
down the list of alternative structures still further. 
The first chord that satisfies the current condition 
(CND) is then selected. 


Using the Tension within 
the Harmonization Algorithm 

For the next six chords (I-values 1 through 6, 
no specifications were made during I- or S-times. 
But at each C-time, the statement 


© TPRF 1000 


was entered. This makes the block of eligible struc- 
tures undergo further sifting according to tension 
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considerations. The values given here (0 and 1000) 
define the allowable range in which the total ten- 
sion of the melody must fall. That is to say, the ten- 
sion of the target melody, taken as a whole with 
respect to an acceptable chord, must lie between 
the given limits. Figure 12-10 contains listings of 
the functions TPRF and TCNT. Note that TPRF 
calls TCNT and the latter function changes the 
meaning of the vector, CNT, from a count of 
“target-melody hits" in each chord to a list of ten- 
sion values of the target melody with respect to 
each chord. Function CYCLE, which is called in 
statement [4] of TPRF, will be described shortly. 
A special output function, ZOUT, was used here 
to display messages and also keep statistics for fur- 
ther study of tension. For our purposes here, in 
statements TPRF[8] and TCNT[7,12} the characters 
“0 ZOUT” can be ignored in the listings, leaving 
just the "bare messages in those statements.) 

If the conditions described in the preference ar- 
ray, PREF, can't be satisfied or if all the structures 
that do conform to those conditions fail to meet the 
tension requirements, an appropriate "error" 
message will be displayed. The user can then alter 
any parameters or preference specifications at will 
until the message appears 

n STRUCTURES. NOW СМО = УСМТ? 

Here n will be the number of eligible structures 
found. The message goes on to say that the condi- 
tion for final selection will isolate the chord with 
the smallest melodic tension value in CNT (unless 
the user wishes to take some other action). In five 
of the six cases (the exception being I= 3) the 
message tells us that specificaitons in the PREF ar- 
ray and in the tension limits for the call to TPRF 
eliminated all but a single possible harmonization. 
For the third case, we're told that two harmonic 
candidates satisfied all the requirements for struc- 
ture, root tone, and melodic tension. 


Additional Controls in Harmonization 


At S-time for the eighth chord in the sequence 
(12 7), a quad symbol was entered, causing the pro- 
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Fig. 12-10. Functions TPRF and TCNT isolate chords that conform to a given preference array and tension range. 


gram to display the seven chords selected up to this survived all the steps in the selection process for 
point: each of the first seven segments of the melody. 
Remember, the first element in each row points to 
a row in the structure array (SA), and so tells 
whether this chord is major or minor. The three 
chordal tones follow with the root as the second en- 
try in each row. 

Reading down the first column, we see that suc- 
cessive chords alternate repetitively between the 
two types as dictated by the preference array. 
Reading down the second column (but “between 
These are the products of the HBLK function that the lines" іп a mathematical sense), we observe the 
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beginnings of a less obvious sequence. Successive 
root-tone intervals appear to be falling into the pat- 
tern: down one semitone, up six, up five, and up 
five more. This is a typical product of such a limited 
preference array. 

Such sequences are permissible and often 
desirable in the MT idiom when they are syn- 
chronized with the melodic phrasing. Had 1 let the 
harmonic attack vector duplicate the melodic one, 
1 might have let the sequence continue here. But 
notice that in the second phrase, instead of assign- 
ing four chords to harmonize successively two, four, 
four, and two melodic tones, that last pair of notes 
is to be broken so that each tone is harmonized in- 
dependently. This destroys the synchronization be- 
tween the harmony and the melodic phrasing. So, 
to make a complete break with the sequence, I 
called for a root-tone motion that doesn't appear in 
the preference array: 


CYCLE -3. 


This forces the root tone to move down three 
semitones by setting the F and P parameters ac- 
cordingly. 

Upon entering C-time, a display of the har- 
monic alternatives was requested (by typing HA). 
As expected, since the last chord in the sequence 
was built on pitch number nine, here we find both 
kinds of triads with a root tone of six satisfy the 
requirements. Entering CNT shows that both struc- 
tures score a single hit in meeting the target 
specifictions. The "target" here contains the 
melodic pitch eight and a root tone three semitones 
below the previous root. Because compliance with 
the root-tone specification was forced, a count of 
one implies that the melody here is not in either 
chord. So the TCNT routine is called next to elimi- 
nate chords creating tension outside the range from 
zero to a thousand and also to reset the CNT 
variable to the corresponding tension values. 

Notice (that the call here is directly to TCNT, 
not to TPRF. The latter function would try to satisfy 
the instructions coded in the preference array 
before calling TCNT itself. In specifying CYCLE 
73 at S-time, I caused all structures that could 
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have satisfied the requirements in PREF to be 
removed, so all we want at this point is to control 
the tension range. The message produced by TCNT 
shows that neither function has been eliminated, 
but their tensions can now be seen (after typing 
CNT) to be eleven for the major triad and 110 for 
the minor. By setting the condition (CND) to the 
greater (rather than the lesser and default) value: 


CND — '/CNT 


the minor triad will be selected. Not only does this 
disturb the pattern of root tones, it also jogs the se- 
quence of structures, 1 0 10 .. . , from its monoto- 
nous (or should I say "'bitonous") course. 

For the next chord (I = 8), there is again a single 
target pitch (TM - 9). At S-time, the statement 


0 FCHNG 2 


causes the root (function zero) of the previous chord 
to remain unchanged as a pitch, but to undergo a 
Functional ChaNGe to become chordal tone number 
two in the new harmony. We see at C-time (again 
by typing HA) that the choice is between a B-major 
and a B-minor structure. By entering only an empty 
line, we let the program decide which one will be 
used. 

At Ltime for the next chord (1-9), the 
preference array itself is reset to PRF2 to introduce 
a more varied set of rules relating potential root- 
tone motions and structure sequencing. And again 
at C-time, the function TPRF is invoked to combine 
the new selection rules with tension limits of zero 
to a thousand. 


Controlling Climax with Tension 

Introducing a high point in the tension creates 
an esthetic climax. With 18 chords to be specified 
in the harmonization, the eleventh chord (I = 10) is 
well positioned (just over the halfway point) to 
launch a climax. To show how easily a climax can 
be introduced in a traditional place (not to mention 
how easily traditional rules and tastes can be 
violated), the tension limits at C-time for this chord 
are raised: 


1000 TPRF 2000. 


Again, only a single structure is found that satisfies 
all the conditions. The tension it creates with the 
melody is shown to be 1110, indicating the two 
unique tones in the target melody (three and ten) 
manage to generate a minor second, a major sev- 
enth, and a major second with respect to the chord. 

My only direction for the twelfth chord (I= 11) 
comes at C-time with 


100 TPRF 1000. 


This is to let the tension recede by no more than 
one (logarithmic) step from its climactic level. And 
once more, the computer announces that one quali- 
fying structure exists. 

With the following chord (I = 12), I resume the 
C-time specification 


0 TPRF 1000, 


but now I am informed that three different struc- 
tures fill all requirements. I ask to see the tensions 
associated with them by typing CNT. If there were 
significant differences between the three values, 
more information would be analysed until I could 
be convinced that one particular value has more ap- 
peal than the others. But the values (100, 110, 110) 
Show a difference of only ten, and two of the values 
are the same, so further discrimination seems 
pointless—let the minimum tension be selected 
automatically. 

Responding to the same treatment, chord 
number 13 comes through with no rivals. 


0 TPRF 1000 


1 STRUCTURES. NOW СМО = ЧСМТ ? 


А mixture of curiosity апа concern makes me ask 
to see the tension here: 


CNT 
121 


My concern is over the need for a reasonable 


cadence in the few remaining chords; my curiosity 
is always aroused when a single chord fits all five 
unique pitches in an eight-note target melody. The 
tension value, 121, strikes me as comfortably low, 
but I recall that 1 chose the attack vector so that 
eight more target tones are coming up for the next 
harmonization and I don't want an anticlimactic tet- 
down of tension just yet. So, for I = 14 at C. time, 
linsist that the tension not be allowed to drop below 
100, and fortunately one structure is found that fills 
the complete bill. 


Cadence Control 


Having kept an eye on the complete melody 
vector, M, and its penciled groupings for har- 
monization, 1 see the potentially troublesome time 
has come for a cadence of three cords, each har- 
monizing a single note of the melody. At a point 
such as this, a composer takes careful aim at a 
tonality that will convey to a listener the sense of 
coming to a close. If he hasn’t already decided on 
this tonality, he does so in typically human (i.e., 
desultory) ways, considering where the music is 
“coming from" and where it could “sensibly go.” 
My early attempts to capture the logic of such situa- 
tions caused me to construct ancillary functions, 
such as CYCLE and FGHNG, which were used 
above but not fully described. They and another 
function, FDOWN, are shown in Fig. 12-11. 

These functions grew out of the idea that con- 
ventional sequences of chords often impress 
themselves on a composer’s mind by the way par- 
ticular tones of one chord move to tones in the next 
chord. Though redundant in function, these 
routines are unique in approach. That is, CYCLE 
5 and 0 FCHNG 2 will select exactly the same struc- 
tures, but when the user calls the first one he is 
thinking in terms of a root-tone motion. When he 
invokes the second, his mind is focused on the way 
a particular voice leading occurs. Unfortunately, 
there is a dangerous use of hidden parameters" 
in these programs (which I'll explain later) that I 
had forgotten about until long after this particular 
terminal session, although I was aware of an inter- 
mittent problem that I could not pin down. 
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Fig. 12-11. Functions FCHNG, FDOWN, and CYCLE can 
be called interactively to restrict the harmonic alternatives 
to chords that differ in particular ways from the previous 
chord. 


Forgetting the possibility that the “problem” 
might occur, for the first chord of the cadence 
(I= 15) at S-time, I enter 


0 FCHNG 1 


specifying that the root (function zero) of the last 
chord is to be the third (function one) of this one. 
For the second chord (I = 16). 


1 FDOWN 0 


at S-time, calls for that same tone (the third of the 
last chord or function one) to move down one scale- 
like step (either one or two semitones) to become 
the root (function zero) for this chord. Then at C- 
time, on asking to see how many different chords 
have been found ( gHA), I find there are four—the 
reply 4 4" implies four structures with four en- 
tries in each, a structure index and three pitches. 
Presumably, these are the major and minor triads 
whose root tones are one and two semitones below 
the third of the previous chord. 
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This makes me aware that the “problem” has 
occurred, but I'm too concerned with this chord to 
remember that it could also have happened in se- 
lecting the previous one. (Luckily, it didn't.) My 
goal is to force a close with the lowest possible ten- 
sion, so a range of zero to 100 is given. I'm told 
that two structures will work here, I find their ten- 
sions with respect to the target melody are eleven 
and zero, and I ask to see the harmonic alternatives. 
No further interaction is required if I really want 
the lowest tension, so a carriage return brings me 
to the last chord. 

Setting S equal to zero commands the use of 
a major triad, and forcing F to be two makes the 
target pitch the fifth of the chord. At the close of 
C-time for this chord, the message “ОК?” appears 
to inform me that the whole melody has been har- 
monized and, if I have any second thoughts, this 
is my last chance to return to any particular seg- 
ment (by resetting the value of I). A final carriage 
return causes the program to list the entire set of 
results, pairing consecutive melody (M) and har- 
mony (H) segments. 


The Hidden Parameter Problem 


The "problem" mentioned above occurs when 
the user forgets just how the auxiliary functions 
work and the way HOFM treats the parameters P 
and F in combination with the target melody, TM. 
In designing HOFM I wanted the user to have as 
much control over a special pitch vector, P, as possi- 
ble. Remember, P is set to contain TM by default 
(see statement [9]). The composer is free to change 
this setting at S-time to make chord selection 
dependent on any desired relation between pitch 
and function. The default setting for the F (func- 
tion) vector can be seen in statement [5]: all chordal 
tone indices are used. In addition, the “exceptional” 
pitch and function vectors (XP and XF) allow 
specific pitch-to-function relations to be avoided in 
the selection process. 

Now an auxiliary function such as FCHNG 
resets P and F according to the arguments in its 
header. As a result, P no longer will contain any 
pitches from the target melody unless they happen 


to satisfy the conditions programmed into the aux- 
iliary function. At the close of S-time (signalled by 
the user's empty line), statement [14] in HOFM 
creates a set of harmonic alternatives (HA) contain- 
ing all the chords produced by HBLK whose struc- 
ture index is in the S (structure) vector. The next 
statement ([15]) narrows down this set of struc- 
tures to those that satisfy the conditions relating 


F to P and XF to XP. Specifically, for any chord 
to be acceptable, at least one entry in P must ap- 
pear in one of the allowed chordal positions, F, and 
no entry in XP may be in any of the forbidden posi- 
tions, XF. At this point there is no quarantee that 
any pitch in the target melody, TM, will be in any 
of the remaining chords! Statement [16] then tallies 
the score achieved by each structure in hitting a 
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Fig. 12-12. Musical results of the session, The melody has been given durations, the harmony has been voiced, and a 
middie staff has been introduced to suggest additional, background material (© 1978 Jaxitron). 
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Fig. 12-12. Continued. 


target that explicitly contains all the unique pitches 
in P and TM combined. 

My “problem” was caused by forgetting and 
ignoring such details of the selection process. In us- 
ing FCHNG for the sixteenth chord (I = 15) in the 
session just described, I assumed the selected struc- 
tures would follow my voice-leading specifications 
and account for the single pitch of the target 
melody. Because the odds are quite good that an 
acceptable result will be achieved (the tension will 
be in the conventionally acceptable range), it was 
some time before a glaring breach in my lucky 
streak demanded that I review my logic. When the 
target melody contains only one pitch, that pitch 
will be in the chord unless the P vector has been 
reset explicitly or by an ancillary function. The 
composer must remember that certain functions do 
reset P and he must make use of tension limits at 
C-time to sort out unacceptable results. Just by typ- 


210 


ФФ 


ing СМТ, he may be able to see if the target melody 
has been hit, although that will not tell him whether 
a miss has caused an unacceptable tension value. 


Results of the Session 


The remaining steps are far more enjoyable and 
rewarding than those followed in the terminal ses- 
sion. Аз before, the melody is transcribed into pitch 
notation by marking off measures according to the 
attack vector and assigning durations (see the top 
staff in Figure 12-12.) The accompanying chords 
are written out note-for-note, but it is best to 
“voice” them. (This process will be described later.) 
The bottom staff in the figure shows one of the 
possible voicings for the calculated harmony. To 
show where a composer might go from here, I in- 
clude a suggestion for an accompanying voice in the 
middle staff. 


Table 12-1. The MT Structures of Table 11-4, Compressed Into Scales. 
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Listing 12-1. Listing of a session using HOFM and preference arrays to harmonize a melody produced by 
4 DVLP2 2 7. 
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Why do some chords sound more pleasant than 
others? In pondering that question, we had to 
employ reasoning that took us into territory nor- 
mally thought to lie outside the realm of music. 
While we can't really answer questions that begin 


with “Why . . . a good imitation of an answer 
a hypothesis—will let us answer questions that 
begin with Ho... .? A hypothesis based on the 
abstract idea of order led to a theory of tension that 
allowed us to answer the question, “How can we 
rank chords according to their degree of pleasant- 
ness?" 

Now we face an even tougher question: In har- 
monizing a given melody, why does one sequence 
of pleasant chords sound more acceptable than an- 
other sequence of equally pleasant chords? That is, 
in terms of our theory of tension, every chord in 
a sequence, in combination with the melodic seg- 
ment it harmonizes, may have just the right sub- 
jective measure of tension. Yet the process in which 
we sense one chord “becoming” another as the se- 
quence moves through time imposes an additional 
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set of criteria for judging acceptability. Some se- 
quences of perfectly acceptable chords may be 
unacceptable as sequences! Why? Again, we can't 
really expect to answer that question, but we can 
hope to form a hypothesis that can be tested by 
answering the more practical question, “How can 
we predict and calculate acceptable sequences of 
chords?" 

The sensibility of individual chords, according 
to our assumptions, depends on the way the human 
mind perceives order in pitch space. It was not ter- 
ribly hard to clear a logical path from the 
psychological perception of the octave to the idea 
of symmetry in a cyclically repetetive dimension 
(represented by a clock face), and from there, 
through the statistics of order, to a quantitative 
theory of tension. History then served as one of the 
tests for our logic. We were led to expect a correla- 
tion between tension and chronology, and, in fact, 
found that the higher the tension in a class of struc- 
tures, the later it was introduced into Western 
music. 


Аз a consistent extension of our hypothesis, the 
question of acceptable continuity must depend on 
the way our senses integrate time into the sen- 
sibility equation. Perhaps it is appropriate that 
when time is included we need to turn directly to 
history, not as a test, but for our initial inspiration. 
No recognizable forms of order or symmetry leap 
to mind, so our immediate goal is to examine trends 
in time in order to see if we can discern tendencies 
that suggest what constitutes order in the temporal 
continuity of pitch in Western music. 


PITCH AND “TONALITY” 


It seems evident that our short-term musical 
memory functions in a way analogous to a long- 
persistent phosphor on a video display; successive 
notes of a melody paint at least part of a coherent 
picture in pitch space before they fade away. As 
Western melody evolved in terms of quantized 
pitches, before one person's melody could be 
remembered and appreciated by another—and cer- 
tainly before that melody could be sung by someone 
other than the composer—agreement had to be 
reached on matters of intonation. Only with the 
technological development of instruments based on 
vibrating strings or linear columns of air could tun- 
ing systems and discrete scales of pitch become ob- 
jective. This development also introduced the word 
harmonic into music and mathematics. It was found 
that two strings with identical properties, but with 
lengths in the ratio of some entry in the harmonic 
series (1/1, 1/2, 1/3, 1/4, 1/5, . . .), exhibit a 
noticeable lack of interference in their vibrations 
so that, when plucked simultaneously, they emit a 
"harmonious'' sound. 

In fact, it turns out that the vibrations of a 
single string or air column can be described in terms 
of combinations of harmonic frequencies. The 
relative amplitudes of the various harmonics deter- 
mine the timbre or tone color of the sound and are 
determined by the various physical properties of the 
instrument. Normally, one hears the fundamental 
frequency as “ће” pitch and the higher frequency 
harmonics, having much smaller amplitudes and 
vibrating with the fundamental in a “coherent” 


way, are hard to observe directly as tones. Our 
senses tend to interpret the harmonics not as notes 
at all but as an entirely different component of 
sound—they give a certain quality or color to the 
fundamental pitch. If particular harmonics are loud 
enough to be heard as tones, or if the instrument 
has nonlinear modes of vibration (plates, bells, taut 
membranes, etc.), the combined audible pitches 
produce an effect ranging from tone color to 
tonality. 

The first three octaves of the harmonic series, 
with C as the fundamental, contain approximately 
the pitches shown in the top staff of Fig. 13-1. Note 
the tonality here for the first seven unique tones 
(up to the thirteenth harmonic) is the same as that. 
for the second structure in the LG class in Table 
114. 


SCALES AND TONALITY 

The development of scales of well-defined 
tones had to move at a glacial pace because each 
tone carries its own tuning system as well as its own 
tonality. That is, if we tune the pitch D in a way 
consistent with its appearance as the ninth har- 
monic in the figure, the harmonic series built on D 
becomes the one shown on the bottom staff. Notice 
the seventh harmonic of this fundamental in- 
troduces the pitch C, with a relative frequency of 
63/8 instead of 64/8 or 8! Similarly, harmonics 9, 
10, 12, 13, and 14 introduce 


E at 81/8 instead of 80/8 or 10 
F# at 45/4 instead of 44/4 or 11 
A at 27/2 instead of 26/2 or 13 
B at 117/8 instead of 1208 or 15 
C at 63/4 instead of 64/4 or 16 


Western ears were able to overcome such subtle 
problems and concentrate on finding (and arguing. 
about) the “correct” way to tune scales of fun- 
damental” tones. 

The development of scales with their own 
tonality required testing and proving techniques of 
sufficient interest to entertain the intellects of com- 
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Fig. 13-1. The harmonic series built on С is shown on the top staff. The bottom staff shows the harmonics of D tuned 
according to the ninth harmonic of C and expressed as frequency ratios with respect to C. 


posers, singers, and philosophers for many genera- 
tions. Such techniques were found using different 
modes of the same scale. An example of a mode 
can be experienced by playing the scale of white 
notes starting on a pitch other than C. Or, even bet- 
ter, play a simple (all white-note) melody but shift 
all the tones consistently so that the starting point 
is different than in the original version. Modes pro- 
vide a glimpse into the subtle workings of tonality 
as a driving force in music. 

Notice, we're talking about monophonic music 
here—music consisting of a single voice. Earlier, 
I implied that a completeꝰ scale carries a tonality. 
Permuting such a scale in various ways raises some 
disturbing questions. Consider just the ‘“in- 
complete" pentatonic scale: 


= 
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Notice the difference between modal settings of the 
“same” melody in that scale (Fig. 13-2). Though 
monophonic, each modal setting carries a different 
"virtual" harmonization to the listener's mind. 

This immediately raises questions about the 
meaning of tonality with respect to “а” scale and 
may help clarify what I mean by a “complete” 
scale. If we consider a scale to be a collection of 
tones independent of its starting point, it appears 
that its "complete" tonality can contain “sub- 
tonalities" that suggest other complete tonalities. 
That is to say, a particular melodic segment (con- 
taining fewer than seven unique pitches) might be 
contained in different complete scales. Different 
listeners might then hear different tonalities sug- 
gested. It may even be that most listeners in our 
culture will hear one particular tonality, the most 
likely one being the structure whose first three or 
four tones (in the harmonic or expanded form of the 
scale) score highest in harmonizing this target 
melody. 


éme MINE 
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Fig. 13-2. The modal settings of a melody in the pentatonic scale shown in the text. 


THE GROWING SENSE 
OF HARMONY AND TONALITY 

Over a period of about 800 years beginning in 
the ninth century A.D., polyphonic music devel- 
oped. The earliest use of multiple voices relied on 
the technique of coupling or duplicating the melody, 
note for note, with the voices separated by a 
“perfect” interval (octave, fourth, or fifth). Always 
thinking melodically, composers avoided the onset 
of boredom, making the aural diet richer and more 
spicy by allowing increasing freedom to the in- 
dividual voices. Combinations of two, three, or four 
contrapuntal melodies, each doing its own thing, 
had to initiate a conscious awareness of harmonic 
forces. 

The beginnings of explicitly harmonic music 
came around the seventeenth century. It is no coin- 
cidence that this was a time of revolutionary 
technological advance. Existing musical in- 
struments were so greatly improved that, for the 
first time, instrumental music began to rival vocal 


music in the historians’ scale of importance. It was 
now possible, and more necessary than ever, to set- 
tle on objective forms of intonation. In terms of to- 
day's piano keyboard, the white notes were tuned 
according to various logical arguments based on the 
ratios of the frequencies of the different intervals 
inthe harmonic series. When it came to tuning the 
black notes, there were too many conflicting logical 
arguments for a consensus to be reached in settling 
the matter. 

In tuning the white notes, the fourth and sev- 
enth scale steps (F and B) were particularly 
troublesome. Notice that they are not even in the 
tonality of the first seven unique notes in the har- 
monic series for the fundamental, C. The nearest 
black notes Fs and Bi—are in this part of the se- 
ries, but their tunings were also vexatious. They 
became the center of attention when composers 
noticed that by substituting either one of them for 
the corresponding entry in the scale of C—Ft for 
F or Bb for B—a marvelous change of tonality took 
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place. Altering the seventh step to a reasonable 
Bh made it the fourth step in the scale of F. Chang- 
ing the fourth scale step to approximate Ff made 
that the seventh scale step in the key of G. Further 
alterations of the fourth or seventh from the keys 
of F or G soon brought on conflicting claims for the 
proper tunings of the remaining black notes. 
Besides, even the F and G scales had slightly dif- 
ferent characters from each other and from the 
scale of C because of the differences between the 
tunings in their relative scalewise intervals. 

But the sequence of events now offers a vital 
clue for our hypothesis. First, after something 
resembling a scale was established, there came 
modal music—one complete tonality with varying 
apparent root tones. Then came the single altera- 
tion that changed the complete tonality to that of 
a scale whose root is up or down a perfect fourth. 
Of course, a “complete” tonality, if such a thing 
really exists, could only have been subliminal when 
working in an incomplete tuning system. But now 
mathematical thought enters the picture to accom- 
pany the technology. 

Logarithms had been invented by John Napier, 
and over a period of roughly a century an inevitable 
though somewhat abstract idea percolated. Why 
not drop the current tuning system in favor of one 
in which all the intervals are tempered in a 
logarithmically equal fashion? Johann Sebastian 
Bach embraced the idea with enthusiasm, and 
musical thought now turned to take advantage of 
and explore the new equality between tonalities. 


HARMONIC VERSUS MELODIC TONALITY 


A distinction between harmonic and melodic 
thought is not at all easy to observe, but certain sub- 
tle differences do emerge when we apply our ideas 
on tension. The melodic scales we have inherited 
still contain those harmonically extraneous fourth 
and seventh steps. When we look at the tension of 
each note in a major scale with respect to a major 
triad built on the root tone of that scale, we see the 
values 


0 11 0 1001 0 10 100. 
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It would require a startlingly stannous ear to equate 
the harmonic effect of the C-major scale with a C- 
major triad. 

By "reharmonizing" a major scale with other 
major triads, the resulting tensions are revealing. 
In particular, if we harmonize the same melodic 
scale with a triad built on the fourth scale step, we 
find: 


0 10 100 0 11 0 110, 


and, if we reorder the scale so that it begins on that 
fourth step, the tones now display their tension in 
the order: 


0 11 0 110 0 10 100. 


Notice that the fourth and seventh steps are still 
“accented” here, but the important thing to realize 
is that a C-major scale makes more harmonic sense 
when related to an F-major chord; a C-major 
melodic tonality has an F-major harmonicity or har- 
Tonic tonality. 

Examination of the tensions of the same notes 
with respect to a major triad built on the fifth scale 
step shows 


1001 0 10 1 0 11 0, 
or, rearranged with the harmonic root first: 
0 11 0 1001 0 10 1, 


accenting only the fourth scale“ step. This shows 
that a melodic segment extracted from a C-major 
scale can be harmonized with a notable lack of ten- 
sion by a G-major structure as long as the pitch C 
is avoided in the melody. 

Although the above relationships were 
recognized without any reference to numerical 
values of tension, the idea of a complete“ struc- 
ture applied only to melodic scales. Harrnonic struc- 
ture was approached rather schizophrenically: A 
chord could be built (in thirds) on any note in a 
melodic scale but, regardless of its root tone, the 
notes of the chord were referred to as first (tonic), 


third, fifth, etc., as if they came from a different 
scale. Yet the chords themselves (not the notes) 
were also numbered according to the position of 
their root in the original scale—I, II, Ш, etc.—and 
a complex set of rules was worked out empirically 
that described what chordal sequences were sen- 
sible.” Thus, while a melody existed in one scale, 
it could be harmonized, according to the rules, by 
any of the “incomplete” tonalities (chords) con- 
tained in that scale. In practice, a composer could 
modulate to another key through the use of a piv- 
otal chord—one whose tones are common to the cur- 
rent scale as well as to the new one. From that point 
on, melody and harmony could behave according 
to the rules as though they were in the new key. 
These rules and the ways they were extended to 
allow modulation to various keys encompass the 
logic our hypothesis must imitate. 


COMPLETE (HARMONIC) TONALITIES 


Our next assumption will be that harmonic 
structures, like melodic scales, can be limited to 
seven notes. Other forms of completeness seem 
equally reasonable considering that the four most 
symmetric triads can harmonize nine of the twelve 
pitches in our tuning system with tensions below 
1000, and six of these same pitches have tension 
less than 100. In fact, there are occasions when a 
melodic segment consists of consecutive semitones 
(not in any conventional melodic scale) and nine- 
note harmonic structures would make harmoniza- 
tion easier. However, in settling for seven-note 
structures, we'll find it easier to grapple with the 
idea of order in continuity in a useful and self- 
consistent way. 

Traditionally, the seven pitches in any scale 
must use the seven letters from À through G with 
accidentals (sharps or flats) as required. Because 
the letters are taken in sequence, the various ar- 
rangements of accidentals that are allowed prevent 
notes from duplicating or crossing each other, and 
so give rise to the property of melodic scales men- 
tioned earlier—viz., scales are composed of whole- 
tone and half-tone intervals in roughly a two-to-one 
ratio. 


In forming harmonic structures as though they 
were expanded scales, accidentals can be assigned 
more freely without causing letters to cross each 
other in the expanded sequence (A, C, E, G, B, D, 
F) or duplicating other notes in the structure. The 
36 structures shown in Table 11-4, despite an ap- 
parent break with tradition, are all built in “thirds,” 
as tradition requires. They all begin on C and the 
following six tones are variants of E, G, B, D, F, 
and A, in that order. The apparent discrepancy 
arises because my algorithm refuses to recognize 
different spellings for the same tone. Thus, D! can 
mean Df or Eb, and the letter G might even stand 
for Abb (double flat) or ЕВ (double sharp) as well 
as G-natural. But when the structure is compressed 
to form a "scale," we may have to rearrange the 
notes in that scale to maintain alphabetic order (see 
the scales in the classes labelled “7 + 3" and "MA7 
+ 3” in Table 12-1). 


THE CLASSES OF TONALITY 


Our list of 36 structures is longer than that used 
by individual composers. It grew out of a list of only 
a dozen four-note chords suitable for MT. Each 
structure has one of these tetrads for its four lowest 
tones, and all structures built on the same tetrad 
comprise a class. For example, all the major- 
seventh (МА?) structures begin with C, E, G, B, and 
all the minor-seventh (MI7) structures have C, 
Dt, G, Al as the first four pitches. The number of 
structures in a class depends on the number of ways 
the three additional letters (D, F, and À) can be 
added above the tetrad with appropriate acciden- 
tals to produce a tonality whose total tension is 
below 1000, or else tonality with higher tension that 
has achieved acceptability through conventional 
use. 

The practical distinction between class and 
tonality may be hard to discern for those with less- 
experienced ears. The problem lies with the in- 
crease in tension contributed by the three highest 
tones in the structures. As suggested earlier, 
discrimination between elements in a complex class 
requires enough familiarity with the material to 
recognize individual patterns and their differences; 
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tonalities that sound equally strange can't be iden- 
tified individually. Further, much composition is 
driven by harmonic tension rather than by melodic 
tonality, so that we become accustomed to hearing 
tetrads melodized by various combinations of nine 
low-tension tones without regard for a specific 
melodic scale. Naturally then, a chord with fewer 
than seven tones may seem to carry all the har- 
monic information that is really necessary and can 
harmonize a melodic line that freely mixes tonalities 
in the same class. 

Still, to place our hypothesis on a firm founda- 
tion, I'm going to assume that discrete seven-note 
tonalities impress themselves on our senses, at least 
subconsciously. It may be that, once our minds zero 
in on the correct“ tonality for sensible continuity, 
some degree of relaxation sets in, allowing us to 
accept pitches from other members of the same 
tonal class. 


CONFLICTING TONALITIES AND KEYS 


Before the details of the remainder of the 
hypothesis are worked out, there remains one as- 
pect of tonality that I should try to clarify. It con- 
cerns the fact that different structures may contain 
exactly the same pitches, though in a different or- 
der. The conflict between a C-major melodic 
tonality and an F-major-seventh harmonic tonality 
(from the MA7 class) was introduced above. Or- 
dinarily a listener actually will identify the key or 
tonality of a melodic segment by its harmony; a C- 
major melody harmonized by an F-major chord will 
seem to be the key of F. Remember, both of these 
tonalities contain the same notes (all the white 
ones): 


CDEFGAB 

for the (C-major) melodic scale and 
FACEGBD 

for the harmonic structure. But there can also be 


redundancy between two or three harmonic 
tonalities. For example, one of the D-minor seventh 
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(MI7) structures also contains just the seven white 
notes 


DFACEGB 


thereby duplicating the pitches in the F-major sev- 
enth tonality above. 

Like a connoisseur of wines, one must have 
adequate experience to taste the difference in the 
flavor of such tonalities. To aggravate the problem, 
a tetrad called a "sixth" chord was introduced into 
common use, before the major-seventh tetrad was, 
to convey a major tonality. An F-major seventh 
chord: 


FACE 


has a tension of 100. Built on F, the sixth chord, 
with a tension of only ten, would be 


FACD, 


and it too can have an F-major "flavor," even 
though it is really a D-minor seventh tetrad! (Built 
on D, the chord is D F A C) 

Taken as static chords, any argument over ap- 
parent tonality would be purely academic. But in 
continuity there are nuances that persuade us 
whether to accept D or F as the root in any par- 
ticular situation. From our cultural experience, we 
expect melodies and their accompanying chords to 
have either major (MA7) or "true" minor (MI) 
tonalities at stable or resting points in the phras- 
ing. In unstable or moving positions of the con- 
tinuity, the melody can appear to be in transition 
between "keys," so other classes of harmony are 
quite acceptable. It appears then that harmony is 
not quite in complete control of our sense of key, 
and we should probably restrict the idea of “key” 
to imply the sensed melodic tonality regardless of 
the actual harmonic tonality. Melody must seem to 
move in a key or tonality, even though that key can 
change at any time. Chords instantaneously define 
a (harmonic) tonality that may, under influence of 
the melody, suggest a different but related melodic 
tonality or key. 


In addition, certain classes, e.g., the "aug- 
mented minor" (+Ml), are so alien to our ex- 
perience that they evoke a more familiar class that 
has the same pitches redistributed in its tonalities. 
For example, one of the + MI structures, if built 
on the pitch, À, has the notes 


A C EI) GB DG 


which are also present in the F-major-seventh 
tonalities 


FACEXBD, 


where X can be either G or Gf. When this struc- 
ture harmonizes a melodic segment, a listener will 
almost certainly claim to hear an F-major tonality. 
Again, this feeling of key must be blamed on the 
melody. The listener will surely taste the difference 
between the class structures (tetrads) 


ACFGtandFACE 
as well as between 
FACEandFACD 


though our connoisseur might smugly describe 
them in terms of relative crispness or bouquet. (Our 
aural and oral senses evolved so long before 
language that they bypass the verbal/conceptual 
links to our emotions, making such sensory stimuli 
and their subtle differences strictly ineffable.) 


THE HYPOTHESIS 


The historical trends suggest that we seek 
some quantitative way to connect order in con- 
tinuity with the change in the complete structure 
that occurs on going from one tonality to the next. 
That is, the earliest harmonies were restricted to 
a single key, so we might suppose the highest de- 
gree of order occurs when consecutive tonalities 
‘have the same set of seven tones—as in the F-major 
and D-minor seventh structures shown earlier. We 
saw that the next breakthrough came, historically, 


with the change of a single tone to modulate to a 
new key. So let's say the lowest level of disorder 
is introduced when adjacent tonalities differ by a 
single pitch and have six tones in common. The 
historical argument can be made to take us one step 
nearer to the point where two tones change be- 
tween successive tonalities, so let's look at the ob- 
vious extension. 

There are only six categories into which pairs 
of tonalities can fall: 


Category Pitches changed Pitches common 


1 0 7 
2 H 6 
3 2 5 
4 3 4 
5 4 3 
6 5 2 


The number of changed pitches plus the number 
of common ones must equal the number of notes 
in a structure, seven; with only twelve unique 
pitches available, two structures can differ by at 
most by five pitches. Experience with similar situa- 
tions in other disciplines suggests that we exam- 
ine the statistics here more closely before jumping 
to any conclusions about the direction of increas- 
ing disorder among these categories. 

If we take all 36 tonalities into account, a single 
pitch can be harmonized in any of 7 x 36 - 252 
ways. Requiring more than one pitch to be har- 
monized by a single structure can decrease that 
number substantially. For statistical arguments to 
have any validity we need a large number of 
samples; if 252 is the most we can manage, we had 
better make full use of them to see whether they 
distribute themselves among our six categories in 
a way that makes sense statistically as well as 
musically. Remember from our arguments con- 
cerning the connection between disorder and 
statistics that chaos should be far easier to achieve 
through random selection than order. We'll look to 
the populations in the six categories for clues con- 
cerning relative amounts of order, assuming a cat- 
egory that has far fewer entries than other 
categories must appeal to our senses as being more 
ordered. 


225 


A distribution pattern among the six categor- 
ies can be evaluated as follows. First, an initial 
tonality and a single note to be harmonized will be 
selected. Next, we'll construct the array of har- 
monic alternatives that harmonize the given tone. 
Then we will simply count the number of these 
structures that fall into each of the six categories 
by comparing each directly to the given initial 
tonality. For example, if our first tonality is an 
Ab- major structure corresponding to the eighteenth 
one in our list, and C is the pitch to be harmonized 
by all chords, then the six groups are found to be 
populated as follows: 


No.ofchanges 0 1 
No. of tonalities 4 26 


2 33 4 5 
82 99 39 2 


This says that four structures contain exactly the 
same seven pitches as the initial Ab-MA7 (including 
the initial structure itself). Twenty-six structures 
differ from the initial tonality by a single tone. Only 
two structures were found to have the maximum 
number of different pitches. 

Changing the first chord to a D-minor seventh 
(the sixth one in the list) alters the distribution to: 


No. of changes 0 1 2 3 45 
No. of tonalities 4 26 74 93 46 9 


Experimenting in this way, one finds the distribu- 
tions all peak in the middle rather than at the right 
as you might have expected. That is, you may well 
reason that the more changes we allow, the greater 
the number of ways such changes can occur. But 
that would be true only if all seven pitches could 
change in many ways. Limiting those pitches to just 
12 possible tones imposes a different type of order 
at each end of the distribution. At the left, we have 
tonalities with the maximum number of common 
pitches; on the right, we see tonalities having the 
maximum number of changed pitches. Conversely, 
on the left lies the minimum number of pitch 
changes, and on the right, the minimum number of 
common pitches. There are many physical systems 
having symmetries that make minimal change 
display one type of order and minimal constancy 
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another. Between the limits, disorder must reach 
its peak. 

If we were dealing with millions of possibilities 
rather than 252, we could expect quicker verifica- 
tion or rejection of this hypothesis on purely in- 
tellectual grounds. Our esthetic sensitivity would 
be more likely to distinguish between ‘‘ordered” 
and “chaotic” categories whose populations dif- 
fered by at least a few orders of magnitude. Ex- 
perimental verification also may be elusive because 
most of our 36 tonalities will not “strike a familiar 
chord" with many listeners. However, an approach 
has been found that suggests there is practicality 
if not truth in this hypothesis. 

The entire list of 36 structures can be used to 
construct the harmonic alternatives for each 
melodic segment. Each structure then can be 
assigned to one of the six categories by counting 
the numbers of pitch changes required on going 
from the current tonality to this alternative new 
one. At this point we can select only the more fa- 
miliar structures from each category for testing (in 
index origin zero, these would be rows 5, 7, 15, 17, 
and possibly a few others in our list). In doing so, 
we find individual and collective evaluations of sen- 
sibility in continuity do agree very nicely with the 
hypothetical predictions based on the full 36- chord 
complement. Trite chord changes are indeed found 
in the first category. Tonalities with one pitch 
change produce extremely common sequences. 
Less usual, but still familiar sequences are obtained 
by selecting from the far end of our spectrum where 
the maximum number of pitch changes occur. The 
intermediate categories—those with two, three, and 
four pitch alterations—sport interesting, 
“unusual,” and “uncertain” changes of harmony. 
Most of those labeled “unacceptable” are found in 
the group with three varied tones, and, if the com- 
ments of different observers with comparable 
musical experience can be trusted, the difference 
between “unusual” and “unacceptable” is sub- 
jective. 

But our arguments and tests have involved se- 
quences of only two successive chords, and a single 
chordal change can hardly be said to constitute har- 
monic continuity. À hypothesis that tries to take 


this into account will seem more complete but be 
completely unverifiable. Suppose a particular se- 
quence is to have just eight chords, an initial one 
followed by seven changes of tonality. Further, sup- 
pose each harmonization must account for only a 
single melodic pitch so that each chord, including 
the first, has 252 rivals for its place in the sequence. 
While each change of tonality can be analyzed by 
a distribution among the same six categories, the 
entire sequence of changes can be considered at a 
higher, more complex level of order. 


First, there may be a relatively small group of 
eight chords, all of which contain the same seven 
pitches. (For this group to exist, every note of the 
melody must also be a member of every chord in 
the sequence.) At the other extreme would be an- 
other small“ group of eight chords that change 
maximally from each other. To get an idea of how 
large "small" is here, we might speculate that, on 
average, each of the 36 structures possible for any 
one harmonization could be followed by either of 
only two structures to fulfill the stringent re- 
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Fig. 13-3. A melody with harmonic continuity controlled by selecting chords from the lower populated categories of order 


{© 1978 Jaxitron). 
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Fig. 13-4. Another treatment of the same melody, combining other levels of order and additional techniques (© 1978 Jaxitron). 
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Fig. 13-4. Continued. 


quirements of this category. This would present us 
with 252 x 27 possible eight-chord sequences, or 
“only” 32,256. This is a reasonable ballpark fig- 
ure for both extreme categories, assuming the one 
with no changes exists at all. 

The figures quickly become most unrea- 
sonable, however, when we try to tabulate the 
number of sequences that permit only a single pitch 
alteration to occur somewhere within the eight 
tonalities, or just two such changes, or three, or 
2... Notice that the maximum number of pitch 
changes would be five for each of the last seven 
tonalities, or 35 in all. This does not necessarily 
mean that our categories now run simply from zero 
pitch changes to 35. For example, “the” category 
with seven pitch changes might be broken into 


1) Seven consecutive changes of one pitch 

2) Five changes of a single pitch and one 
change of two pitches 

3) Four changes of one pitch and one of 
three 

4) Three single changes and two double 

5) Two single changes, one double and one 
triple etc. 


Toappreciate the numeric magnitudes involved 
here, let's consider one highly "ordered" category. 
А commonly acceptable sequence might well be one 
that combines just one or two changes for each of 
the seven pairs of tonalities. If on the average there 
are 30 ways to have a single change of pitch and 
80 ways to alter two pitches between successive 


structures, then the number of eight-chord se- 
quences that have six single-note changes and one 
change of two notes would be 252 x 80 x 305 x 
7 or over 100 trillion! (There are 252 ways to se- 
lect the first chord; 80 ways to select a chord that 
changes two pitches; six chords, each of which has 
asingle change and can be selected in 30 ways; and 
seven ways to permute the sequence of single- and 
double-tone alterations.) This refinement puts our 
hypothesis on a reasonable statistical basis but 
undermines any hope for testing or practical use. 

Despite the apparent depth of the idea behind 
the statistical hypothesis, selecting a tonality ac- 
cording to the number of new notes it introduces 
is easy to program and, more important, to apply. 
A number of modifications have been made to the 
HOFM function to allow us to use this tool. Some 
of these were suggested directly by the “ordering” 
concept, others were “second-order” effects. The 
next chapter will show details of the approach with 
listings of the session that produced the examples 
shown here. The first (Fig. 13-3) exhibits the results 
of a fairly strict and unimaginative application of 
the statistical approach. The second (Fig. 13-4) uses 
the same approach but delves into the more in- 
teresting" levels of order. Notice, the melody is not 
quite the same in the two examples, and the sec- 
ond one has been extended into the AABA form. 
Also note that, after using complete seven-part 
tonalities to determine the harmonic continuity, we 
present only three-note chords to the listener's ears, 
leaving his senses to detect as much melodic and 
harmonic tonality as is consistent with his musical 
experience. 
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Composers—and artists in general—pay ex- 
travagant lip service to the idea of freedom. The 
sad fact is that our minds just don't function com- 
fortably in a truly free (chaotic) environment. 
Whether listening to music or creating it, we need 
to see and enjoy finding the relationships that ex- 
ist between entities within a highly structured en- 
vironment. As disturbingly Machiavellian as it 
sounds, freedom requires order. Of course, the bal- 
ance is delicate and probably even subjective. Pro- 
grams such as the HOFM function for harmonizing 
melodies or FORM for constructing them contain 
a fair amount of logic, but perform a limited set of 
tasks tasks which have been compared above to 
accounting or bookkeeping. They leave you, the 
composer, so free that, until you try doing without 
them, you may question whether they serve any 
purpose at all. In using such “driving” functions, 
you begin to develop a library of short, auxiliary 
functions (such as TNSN, SCLIT, UNIQ, and so on) 
that carry out useful operations. And you'll prob- 
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ably feel elated by the freedom to do so without 
recognizing that you really need to do so. 

At first, the value of your library of auxiliary 
functions grows in direct proportion to its size. But 
before long, as the growth curve continues upward, 
the value curve starts to level off when the need 
for a “card catalog becomes apparent. A time will 
come when you want to perform a particular opera- 
tion, but you can't remember the name of the func- 
tion that carries it out. Even worse, there will be 
times when you forget you have such a function, 
and you'll write а new one (with a new name!) to 
do the same job. Sometimes it will be convenient 
to see a list of the names of all your functions sim- 
ply to serve as a menu to suggest what your next 
operation should be. Once you have the name of 
the function you need, there remain additional ques- 
tions that may embarrass your memory: What left 
and right arguments are required? What global 
variables are needed? What globals will be reset? 
Will this function call any other functions and, if 


so, can they affect any variables in the workspace? 


TOWARD AN OPERATIONAL SYSTEM 

In my harmonization/melodization workspace, 
the first voluntary curtailments of freedom took 
shape in establishing naming conventions for func- 
tions and variables and in trying to standardize the 
use and meaning of right and left arguments. Later, 
more freedom was given up as a satisfying style of 
using my functions evolved. That style began to dic- 
tate how functions should be designed to work in 
a cooperative way. The next step involved a con- 
scious attempt to organize functions into categor- 
ies and limit the number of functions that perform 
similar tasks. Roughly speaking, three categories 
of functions developed: those that affect the har- 
monic alternatives (HA array) those that operate 


HA Operations 


Use 


Function 


FALLP 
CLASS N 

М ЕОН 1 

А FFA 

А F2FN В 

А F2FS В 

А KEPS В 

А KRNG B 
NARROW N 
FNOP 

CY OVRIDC CL 
CY OVRIDS STR 
РАТЬ N 

M PRTLTN N 
F SOMEP 
STAUC N 


on the target melody (TM vector and/or TGM ar- 
ray), and those that serve various utilitarian func- 
tions. Programs that cut across categorical 
boundaries were redesigned and rewritten to elim- 
inate duplicate operations. The goal was to limit the 
way any particular operation could be performed 
without limiting the number of different things that 
could be done. Still, one thing that could not be 
eliminated was the need for that card catalog." 
In fact, it soon became apparent that something 
more in the nature of a reference manual was 
needed! 

"The appendix in this book contains such a man- 
ual. It is fairly complete and self-explanatory. Un- 
fortunately, as is too common with such documents, 
the information was packaged by and for the 
developer rather than for a potential user. However, 


keep НА? for which all HA: FN F] € P or all P € Ha: f F] 

keep HA's for which CLS є N 

force HA's = ҢІ transposed through N 

keep HA's in which all HI-1:FN A] є HA[;FN В] or all HA: FN В) e H- 1. FN А] 
keep НА? in which no HII-1:FN А] € НАБЕМ 8] 

keep HA'S in which some H[I-1;FN А] є HA[;FN B] 

keep HA'S for which corresponding À « B where A can be TNS, FRD, CLS, etc. 
keep HA'S for which corresponding A is between 1 +В and - 148 

keep only HA[N;] (8 set all related entries - TNS, CLS, etc.) 

keep Hs in which no HAFN N] € P. 

HA forced to these cycles & classes regardless of TM (may not fit ТМ!) 

НА forced to these cycles & structures regardless of TM (may not fit TMI) 

TNS of TM reset against HA: FN М) and CND+L/TNS 

TNS of M set against HA[;FN NJ and CND—L/TNS & new TNS displayed 

keep HA's in which some HAI: FN F] є P 

keep HA's with these structures = ie. НА[;0] є N 


Fig. 14-1. Reference sheet for the auxiliary functions that affect the Harmonic Alternatives (HA). 
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TM Operations 

Function 

ADJUST 

R CHNGTM V 

$ CNKTM N 
(N > half an octave) 


NEOMK 


used automatically at end of S-time and C-time to update TGM if not equal to TM 
TGMIR:] transposed by V — same V used on all R(ows) 
performs octave adjustment of all notes in current TM so that all intervals in 


TM reset to TGM[K;] transposed through N 


S, TM are < N. (S is starting note usually last pitch of previous TM) 


FITM F 


FITMALL F 


each TM entry set to nearest HA[BEST;F] where BEST implies the closest fit to СМО 


all TM entries set simultaneously avoiding duplicated tones - i.e. F must have at least 


as many unique elements as does TM 


I IROWTGM V sets V in ТОМІ] 


IC MLDZ IS 


RESETM | 


UPTM V V placed in TM and TGMI:] 


TM (redefined by scale-interval sequence in IS using last pitch of previous 
TM as starting point and best HA as scale. The starting pitch will be the first one that 
works in the set: 
(11 TGM[-1;] + chromatic intervals in IC) closest pitch in HA to last pitch 


TGM rows from HO] to I[1] reset to original values 


Fig. 14-2. Reference sheet for the auxiliary functions affecting the Target Melody (TM). 


its order and compactness should be beneficial after 
demonstrating some terminal sessions. In using the 
workspace, I prefer to keep handy a highly adum- 
brated “‘crib sheet” (Fig. 14-1, 14-2, and 14-3) con- 
taining information on each of the three function 
categories crammed onto a single page. This will 
be of value only when the user has gained ex- 
perience with the “system” and familiarity with 
the variables. Instead of presenting the many 
details in a formal way, ГП introduce them as they 
occur in sample terminal sessions. 

To compose with the system, the user decides 
first on a "musical" operation. Then he must decide 
which of the available functions to apply and how 
they should be called. Whenever a desired opera- 
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tion simply can’t be done, the system must be 
enlarged. As the system grows, it incorporates 
more elements of the user's style so that such ad- 
ditions become rarer. Because style is the keyword 
here, and I know there are elements of my own 
style that still elude my conscious observations, I 
can't pretend to define what a complete system 
Should contain. Although I haven't bothered to 
change the name of the function, HOFM, a revised 
version of it is the “driving” function for the basic 
compositional system to be demonstrated here. I 
say the system is basic“ because it includes 
melodization as well as harmonization, but does not 
contain the more advanced functions needed to 
compose contrapuntal melodies and harmonies, 


voicing, or orchestrative style. 


THEMATIC MATERIAL FOR THE SESSIONS 

The sessions about to be described produced 
the music shown at the end of the last chapter (Fig. 
13-5 and 13-6). The thematic material for those 
pieces was worked out in a previous session using 
the DVLP routine presented in Fig. 14-4. 

This function, like the previously demonstrated 
OVLP2, was an “architectural” exercise rather than 
a "formal" one. One of the simpler tunes produced 
through its use was created by the statement 


Info and Utility Operations 


Function Time 


Use 


BACKN any 


DSPLAH 
FNF 


FRDGRP 
HPATTERN 
AIROW B 
MANDH I 

Z —P MFNH H 
Z — MFNHA J 
2 —MFNI 1 
NAMENT 

A PRTNMS B 


M--3«111DVLP 12222 


The right argument sets up the kernel for a scale. 
The left argument (1 1 1) establishes a featured 
motif consisting of three successive unit intervals 
(four successive scale steps). The minus three, 
preceding the whole, adjusts the result to a given 
vocal range. In Fig. 14-5, typing the name, M, 
caused the DVLPed melody to be displayed. The 
clean listing hides all evidence of the counting pro- 
cess that led to the next statement, establishing the 
chordal rhythm in terms of melodic attacks. The 


returns to beginning of: current time if N =0 


previous time if N = 1 
i- ume it N22 


to see H array when execution is stopped 


converts harmonic functions (t, 3, 5. ., 13) to HA indices (1-7) 
(0 is structure index) 


displays FRD distribution of HA 

constructs ATK vector with a dummy M so that H is major component 
B vector replaces Ith row of А 

displays M and H for explicit i-vector entries 

retums P vector as FN's of given H vector 

returns TM as FN's of each НАМ) 

returns TGM[I;] as FN's of corresponding Hl.] 

displays current HA roots, classes, TNS, and FRD values 

displays subset of NAMENT result for A € B where 


A = FRD, TNS, etc. and B is a vector of desired values 


Z + SETNAMES H 
SKIP 


constructs Root/Class list according to structures in given H array 
lets current H[I;] be undefined (no H for this TM) 


Fig. 14-3. Reference sheet for the information and utility functions avaitable in the harmonization/melodization workspace. 
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v Mel DVLF KER; МТ J;K 
S+TONSYS SCLIT KER 
Jep Ke | 6/7 ID 
Mies MTF I 
Nen, H, , ut CNTUS I 
MeM CNTUS(-K),T 
Мем CNTUSC-J) , 0242, (Jp 71), Sed 
SeSCLi 14M 
Mies MTF-I 
MeM, Mi Mi CNTUS С), CCUHO p10,-J 
SeSCLY1 41^M 
Mies MTF © 71 1 ,J, (HK) K=J 
Hen, М1 CNTUS(K 900,71, K, CCIO , 4 
SeSCLY^ 44M 
Mies MTFC(G- I2 912, Jo 74 
MeM,MA,MT, (S MTF(KpO),1+K),M4 
Мем CNTUSCA+K), C1 +K) 971 


ZeT SCLIT I;J 
der BRK T 
ZeSCLI J 


265 MTF I 
ZESCLE+NS, I} 


ZeM CNTUS I;K 

KeSCLI 71M 

*(K(pSCL)*L í 

KSC 64M). FITSCL SCL 
L1:Ze (C7 4$ D ,K MTF I 
9 


Fig. 14-4. OVLP and auxiliary functions used to compose the thematic material for the results shown in Fig. 13-3 and 13-4. 


“attack” vector, ATK, defined here as be assigned to 24 successive segments for har- 
monization. 
ATK-24443... 
BEGINNING A SESSION 
directs the way the 81 notes of the melody are to The complete listing of the first session to be 
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discussed is shown at the end of the chapter in 
Listing 14-1. I will not go into such great and agoniz- 
ing detail here as in previous sessions. Questions 
concerning the various operations that are not dis- 
cussed can be answered by referring to the program 
descriptions in the appendix—providing those ques- 
tions ask what rather than why. The latter type of 
question can be answered superficially by saying 
that this example was meant to show typical opera- 
tions and, simultaneously, to display the way “сот- 
топ” harmonic continuity can be achieved by selec- 
ting chords from the lower-order categories defined 
in the previous chapter. I will describe the features 
of this session that did not appear in the listings of 
the earlier harmonization sessions. 

HOFM is now called without giving explicit 
arguments. The melodic and harmonic-attack vec- 
tors to be used must have the global names, M and 
ATK, respectively. Typing “НОРМ” causes the 
program to display the current settings of some 
other global variables which may be changed by the 
user at any time during or between sessions. The 
first of these to appear, 


NPH: 3 


indicates that, unless a change such as NPG —5 is 
explicitly directed, tensions will be computed by re- 
ferring each target melody to only the first three 
Notes Per Harmonic structure in the HA (harmonic 
alternative) array. 

Following that, we see 


GSIG CURRENTLY SET TO 
17715... 


Me 3 


M 


ATKE2 4 4 4 3435 1 


stating that the variable GSIG contains the values 
shown. These are row indices of the structure ar- 
ray, the list of 36 seven-note harmonic structures. 
That array now has the global name, SIGMA; 
Schillinger called such complete tonalities sigma 
structures. Until GSIG is changed, the program will 
behave as though the structure array was limited 
to just these rows and in this order. That is, “the” 
structure array in use will always be SIGMA 
[GSIG;]. 
The next message 


RDUP AND NDUP SET TO 1 AND 3 


says that, as these variables are currently set, Root- 
tone DUPlication may not occur within any single 
(1) change of tonality, i.e., two adjacent chords can- 
not have the same root. Similarly, No DUPlication 
of the same chord (root and structure) will be 
allowed within three successive changes of tonality. 

After these messages, the program appears to 
function pretty much as did the earlier version, ex- 
cept for an obvious cosmetological improvement. 
At the beginning of each I-time, a line of special 
symbols is printed, making it easier for the user to 
keep track of his work and for us to refer to par- 
ticular sections in the session. And, speaking of 
special symbols, even the sharp sign is now 
available (although it appears somewhat strange 
under photo-reduction). 


OTHER NEW FEATURES 


SKIP. For the very first chord, I - O, function 
SKIP was called. This allows the chord for the cur- 


444361644441444 


Fig. 14-5. Construction of the M and ATK vectors for the terminal sessions in Listing 14-1, 14-2, and 14-3. 
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rent I value to remain undefined. In this particular 
case I had no intention of returning later to fill in 
a suitable chord. The basic motif for this melody 
contains four consecutive scalewise steps, and I 
decided to treat that pattern so that the first two 
notes come before the strong beat of the meter (as 
pick-up notes) without accompaniment. 

STRUC and associated globals. At S-time 
for the next two harmonizations (I = 1 and 1 = 2), the 
function named STRUC was used. This function 
keeps only those chords in the array of harmonic 
alternatives whose structure indices (row numbers 
in SIGMA) are in the right argument. By 
establishing global variables such as MA, MI, and 
МІ? to be used for that argument, the user needn't 
remember how to associate particular chords with 
row indices, i.e., MA can contain the proper index 
for "the" major structure, MI for the minor, and 
МІ? for the minor seventh. In the appendix you'll 
find MA has the value 17, and then, by counting 
down to that row in SIGMA (beginning the count 
with zero), you'll see the structure being singled out 
has the intervals 4 34 34 3. 

FROGRP and freedom (FRO). By skipping 
the first (zeroth) chord, the first tonality actually 
assigned was for 1 = 1. Not until = 2, then, could 
our hypothesis on harmonic continuity first be ap- 
plied. At C-time for that case, function FRDGRP 
was invoked to display how the harmonic alter- 
natives populated the six categories. Recall, those 
categories indicate the number of notes that are free 
to change on going from one chord to the next. For 
this reason, the category indices are called freedom 
values, i.e., a harmonic alternative that lies in cate- 
gory number one is said to have its freedom (FRD) 
equal to one. Further, since this quantity relates 
pairs of chords, it is possible for each harmonic 
alternative to carry two freedom values. That is, 
in a case where a target melody is purposely left 
unharmonized until its preceding and following 
chords have been established, a negative freedom 
value will link each harmonic alternative to the 
previous chord and a positive value of freedom will 
classify its relation to the next chord. Thus, if a 
possible harmony has freedom values of -2 and 1, 
it contains just two tones not in the previous seven 
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note structure and one tone not in the next. 

Here then, after calling FRDGRP, the FRee- 
Dom GRouPings or populations in the categories 
are shown to be 


012345 
-120000 


This tells us that only three harmonic alternatives 
have met the specifications to this point (they must 
have MI or MI7 structures), and one of them is in 
the zeroth category (FRD = 0) while the other two 
have freedoms of one. Note the minus sign 
preceding the values in second row here; it specifies 
that the population distribution in this row relates 
the HA structures to the preceding chord (I = 1). 
Because 1 = 3 has not yet been defined, there is no 
distribution shown preceded by a plus sign. 

KEPS. Immediately following the display of 
freedom groupings, the statement 


FRD KEPS 0 


used the KEPS function to keep those harmonic 
alternatives whose FRD values were members of 
the right argument (zero here). KEPS is a “bi- 
lingual" mnemonic: K for Keep and EPS for the 
epsilon operator (е) which means “із a member of.” 
The conformability requirements for the left and 
right arguments, as well as some suggestions for 
what those arguments might be, are described in 
the appendix. 

PRTNMS. For the next chord (123), I again 
wanted only a single note to change, so instead of 
asking to see the entire distribution, I requested just 
a list of those with FRD equal to one: 


FRD PRTNMS 1 


The PRinT NaMeS function then showed four 
structures, listing the root tone, class, tension 
(TNS), and freedom (FRD) for each. To make sure 
one of these would be selected, I entered 


FRD KEPS 1 


Note that the C-time condition will by default 
choose the one with minimum tension. 

NAMENT. The harmonic alternatives for I= 4 
on entering C-time were found to consist of 15 
structures distributed in the first three freedom cat- 
egories. Using 


STRUC A7 


to remove all but the augmented-seventh structures 
reduced HA to just five structures. FRDGRP 
showed their distribution, and NAMENT listed them 
in the same format as described above for 
PRTNMS. PRTNMS displays a selected subset of 
HA, while NAMENT (with no arguments) shows the 
entire collection of harmonic alternatives (root, 
class, tension, and freedom). 

EQH and FITMALL. Two new features were 
used in establishing the next setting (1 = 5). First, 
at S-time 


0 EQH 1 


commands this chord to be the same as (EQual Har- 
mony) that for I = 1 with no (0) transposition. Then, 
at C-time 


FITMALL FN 13579 11 13 


causes the notes in the target melody to be adjusted 
as needed to fit the entries in the harmonic struc- 
ture given by the right argument of FITMALL. The 
function FN allows the user to think in terms of 
musical indices (the odd numbers from one to 13) 
instead of column indices (one to seven) in the har- 
monic structure. When the refitting was complete, 
the changed target melody was shown in the 
message: 


TM RESET TO 5724. 


The Quad List. While not a completely new 
feature, the display produced through use of the 
quad symbol at S-time for I 7 is of interest. Typ- 
ing just a quad symbol causes all the chords selected 
so far to be enumerated by root, class, and the ac- 


tual numeric values in the array, H. Note in par- 
ticular, the first chord (remember, [=0 was 
SKIPped) is represented in the H array by a 36 
followed by seven zeroes. That 36 points to a 
nonexistent row of SIGMA, whose row indices stop 
at 35. 

CLASS and related variables, Just as 
STRUC can be used to limit harmonic choices to 
particular structures, a function named CLASS 
operates in a parallel way, restricting selections to 
particular classes. The global variable CLSNDX is 
a vector that shows which of the twelve classes ap- 
plies to each of the 36 structures. Other globals, 
such as MAC and MIC, can be preset to let the user 
refer to MAjor Classes or MInor Classes so that 
he doesn't need to memorize or count to find the 
corresponding class indices. Thus, for 1-10 at 
S-time, 


CLASS MAC,MIC 


was used to allow only structures 6, 8, 10, 3, and 2. 

PRTL and BACK, For the twelfth harmoniza- 
tion (I= 11), after finding that two structures have 
FRD=1 and both have very low tensions, the 
Statement 


PRTL1357 


was entered. This causes tension values of the 
target melody with respect to the harmonic alter- 
natives to be recomputed. Instead of calculating the 
tension using the first NPH notes in the structures 
(НА[;1 + ‹МРН)), the harmonic functions specified 
in the right argument will be used (HA[;FN 1 35 
70. І call this a "partial" tension, hence the name 
PRTL. (In the appendix, the listing of this function 
shows this description is correct, but the descrip- 
tion of the function in the appendix is in error. The 
function was updated so that FN would not be 
needed explicitly in the right argument, but I did 
not update the explanation to reflect this change! 
Imust decide whether to keep this change and up- 
date all the other functions, or remove it so that col- 
umn indices of HA are used in a consistent way 
throughout the system.) Upon seeing how little dif- 
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ference this made on the tensions of the two struc- 
tures, I typed 


BACK 1. 


Immediately, the target melody and the regular S- 
time message were reprinted. This function takes 
the procedure back to the beginning of the current 
time if the right argument is zero, to the beginning 
of the previous time if that argument equals one, 
or to the start of I-time for a larger argument. The 
function was called at C-time here, which explains 
why the argument, one, reinitialized S-time. 

Ibelieve the interested reader, who studies the 
details of this session now, will begin to feel com- 
petent about using the system. 


A MORE REALISTIC TREATMENT 


A somewhat more authentic, less didactic ap- 
proach was taken in the next session (Listing 14-2). 
First, the same target melody was handled with 
more musical feeling. Again, there is more detail 
here than can be expounded without boring both 
of us to lachrymosity, but with the aid of the ap- 
pendix and what has already been said, careful 
study of Listing 14-2 should prove more valuable 
than my explanation and further increase the 
reader's competence. 

Next a contrasting B theme was constructed to 
provide a more musical result and also to 
demonstrate a new approach to melodization. Here, 
despite the availability of the program descriptions, 
I will assume that techniques unlike any previously 
described deserve a bit of elaboration. 


PREPARING FOR MELODIZATION 

Before beginning this part of the session, I 
made sure the melody and harmony constructed in 
the previous session (Listing 14-2) were well 
preserved. Notice that in response to the “ОК?” 
message I put them away for safekeeping under the 
names MM and HH. Now, instead of concocting 
another painstaking melodic development, a pro- 
gram named HPATTERN was called. 

In the session dialogue (Listing 14-3), you can 
see that function HPATTERN responds by asking 
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the user to enter a vector consisting of pairs of 
numbers in which the first member of each pair is 
to specify a number of harmonic structures (H'S) 
and the second must state the number of beats or 
time units each chord will occupy (T-UNITS/H). 1 
responded by entering three pairs of values: 


644284 


meaning that 1 wanted the first six chords each to 
have durations of four beats, the next four struc- 
tures were each to occupy two beats, and the last 
eight chords were each to be four beats in length. 

The program then told me to enter rhythmic 
information for a (nonexistent) melody to go with 
the first six harmonizations: 


ENTER ATK PATTERN FOR 6 H'S 
My four-entry response 
4341, 


indicated that 1 expected those six chords to har- 
monize 4, 3, 4, 1, 4, and 3 melody notes, respec- 
tively. (Notice the recycling here to acquire six 
values from the four that were entered.) 

Without pausing to find out what those melodic 
tones might be, the program requested similar in- 
formation for the second group of chords, the four 
chords that are each to have two beat durations. 
My reply, 


21 


was followed by one more such request, this one 
for the last group of eight structures. Following my 
response, the program declared that something akin 
to the M and ATK variables needed by the HOFM 
algorithm had been created—'*dummy'"' variables 
MO and ATKO! Then, as a last reminder, a tabular 
listing of the number of chords, H, and the number 
of beats for each chord, B, was shown. 


“SIMULTANEOUS” 
MELODIZATION AND HARMONIZATION 

I accepted the dummy variables as the real 
thing by stating 


M- MO 
ATK — ATKO 


Then HOFM was called, and it gave forth its usual 
stream of information before opening I-time for 
chord number zero. You might notice here that 
GSIG contains all 36 structures, but ordered by per- 
sonal preference. This same setting was used in the 
previous session. The program treats structures in 
their given order. If, at the end of C-time, a tie oc- 
curs for “best” harmonization, the first chord in the 
list with all the “best” properties will be chosen. 
So the imposition of preference here gives the user 
some small voice as a tie-breaker. 

In I-time, I asked to see the ATK vector which 
had been pieced together with the aid of the HPAT- 
TERN function. Then, to be sure I didn’t miscount 
the number of entries in this vector, I asked to see 
the shape of ATK. Now, observing that there are 
18 harmonizations to be performed, I established 
for my own records a "FORM" and a “PLAN.” The 
FORM tells me to keep in mind that the melody for 
this session is to conform to the “aabb” pattern with 
each section containing four chords except the sec- 
ond “а” section, which will hold four plus the ex- 
tra pair one finds when dividing 18 by four: 


FORM — 'A(4) A(6) B(4) B(4)' 


Similarly, PLAN ties memory strings on chord 
numbers 0, 4, 10, and 14 as starting points for the 
four sections of FORM: 


PLAN—0 4 10 14 


On entering S-time, we get our first indication 
of the unimaginative outline for the dummy melody. 
For four attacks, HPATTERN selected the first four 
integers, zero through three. Function UPTM was 
then used to UPdate this Taget Melody to 
something more musical and more related to the 
MM melody: 


UPTM (-11 N NVRT 41.,MM 


This will invert (NVRT) the first four notes of MM 


(41% MM)and transpose that pattern to begin on the 
last pitch of MM (-11& DN, MM). I asked for the 
updated target melody to be displayed (O TM) and 
was shown 


320-2 
The next three commands 


XF—1 
ХР-ТМ 
5-МА 


specified that the root of the harmony should not 
be in the target melody, and the chord should be 
a major structure. Fortunately, one chord was 
found to satisfy these requirements and, since har- 
monization only requires a single satisfactory chord, 
on to 1-1. 

The target melody chosen for three attacks was 
seen to be just as mechanical as for four: 


TM-012 


But this time I let the harmony set the pace by 
ordering: 


-4 EQH 0 


i.e., the same harmonic structure as for [= 0 is to 
be used here, but transposed down four semitones 
with no regard for what it is supposed to harmonize. 
Then at C-time, function MLDZ was called to 
MeLoDiZe this chord with the proper number of 
attacks. The left argument, 0 I, indicates that a 
reference point for the melodization should be cho- 
sen by transposing the last pitch of the previous 
target melody (TM for I= 0) through the interval 
zero or minus one, which ever places it in this struc- 
ture. If neither interval gives us a legitimate pitch, 
the closest note in the structure to that last pitch 
will be used. With the structure compressed into 
a scale, the right argument, 1 3 1, describes how 
this melodic segment is to proceed from the 
reference tone in scalewise intervals. And then the 
message 


TM RESET TO -146 
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displays the resulting melodization for this chord. 

For the next harmonization (1 = 2), at S-time I 
looked over the output from the previous session 
and decided that the four-note motif used for 1= 17 
in that session should serve as a stylistic bond here. 
Always aware of the difference in our memory cir- 
cuits, I asked to see what the computer thought 
MM[17;] contained. Its report (3 5 3 1) agreed with 
my own finding, so UPTM was called to force this 
to become the current target melody. At C-time, 
the 22 structures with a freedom value of 2 were 
singled out by the statement 


FRD KEPS 2. 


Then, I asked only those with structure type MI7 
to step forward. One fully qualified member was 
present in the ranks, and so on to 1-3. 

The single melodic target pitch for this section, 
chosen as zero by HPATTERN, was changed to the 


first pitch of the previous motif, TGM[I-1:0]. The 
structure specification, S—MA limits harmonic alter- 
natives to row MÀ of the SIGMA array. Four 
possibilities were found, all with relatively low ten- 
sion, and the one with the highest (CND — "/TNS) 
was chosen. 

With apologies to those who take delight in 
such endless descriptions, and with mercy for the 
greater number who do not, I will end this one here. 
The complete listing of the session will now prove 
more informative if the reader continues the 
analysis on his own, referring whenever necessary 
to the program listings and descriptions in the ap- 
pendix. The enormous amount of freedom in this 
limited logical setting will become evident when 
you have enough familiarity with the available func- 
tions and variables to guide your own sessions, 
make your own decisions, and change or add func- 
tions according to your own needs. 


Listing 14-1. Listing of a session In which the tower freedom categories were used. 


HOFM 

МРН: 3 

GSIG CURRENTLY SET TO 
17 7 15 5 23 30 


RDUP AND NDUP SET TO í AND 3 


90%050%0%0%0°0%0%0%0°0%0%0°0° 
120 ? 
SKIF 


„O h 
131 ? 

TM=O 2 iu 

5, P, XF, F OR XF (OR ED ? 
STRUC МА 


CNDzL/TNS? | (CND, TNS, HA,H?? 


„O 
122 ? 

TM-02 3 72 

S, P, XF, F OR XF (DR Ú) ? 
STRUC MI,MI7 


CND=LZTNS2 (CND,TNS,HA,H?) 
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FRDGRF 


012345 
= 1200280 
FRD КЕРУ © 


273-2 
XP, F DR XF (OR O) ? 


CND=L_/TNS? (END, TNS,HA,H?) 
FRD PRTNMS í 


C LG? 22 4 
134 1 
119 1 
220 1 


0 hοοοοο 


ї=4 9 


TM=0 2 4 

5, XP, F OR XF (OR O) ? 
CND=L/TNS?  CEND,TNS,HA,H?) 
FRDGRF 


O 1 2 3 4 5 
b $ 34$ 0: 20, 
STRUC A7 


FRDGRP 

912345 
4000 

22 2 

11 2 

22.4 

22 2 

11 2 


90*Q»QeOeQ0eOcDeOeneDeDeOeDeoo 


24 
8, Р, ХР, F OR XF (OR D) ? 
9 EQH 1 

CND-L/TNS? (CN, TNS, HA, H?) 
FITMALL FN í 3 5 7 9 íí 13 
TH RESET TO 5 7 2 4 


„ 
i-6 ? 


ТМ=е 7 4 
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5, F, XF, F OR XF (OR D) ? 
6 EQH 2 


CNDzL/TNS? (CND, TNS, НА, НЭ? 
FITMALL FN 1 3 5 7 9 11 13 
TM RESET T0 5 7 4 


Ооо О оО об О обо 0% бое 0 0ь 


ТМ=6 7 6 4 ó 
„ XF, F OR XF (OR D) ? 


36 0 0 9 0 
ча? 17 10 2 5-9 
МІ? 5 710 2 5 
LG? 15 0 а 710 
+7 2314 B о 2 
ма? 14-02 9» 
МІ? D -.0 40. 2:55 
STRUC 17 
CND (CND, TNS, HA, H?) 


FED 


ө 0000 обод о Оооо {уе (уо (уе (Уе ей) о 
158 ? 

T7 

S, P, XP, F OR XF (OR Ú) ? 
STRUC L7 


ÜCNDzL/TNS? ССМ), TNS, Ha, H?) 


5 

í 

11 3 
0 3 

119 5 
10 2 
1 3 
9 3 


O 
I=9 ? 

TH? 4 4 2 

S, P, XF, F OR XF COR D) ? 
STRUC MA, MI 
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aneco 


SO 


© ن دت حل د 


CND-L/TNS?  (CND,TNS,HA,H?) 
FRDGRF 
012345 
- 000120 
NAMENT 
G MA? 110 4 
G MI 110 3 
c МА? 121 4 


o · o · o · o · O · o · o o · o · o. o · o · ooo · 
110 5 


TM? 6 4 2 
S, P, ХР, F OR XF COR D) ? 
CLASS MAC,MIC 


CNDzL/TNS? (СМ), TNS,HA,H?) 
FRDGRP 


012345 
— 120000 
NAMENT 
с МА? 124 í 
^ МІ? 22 1 


Е MIT 111 0 


эОеагоеоооепеогоеоепо0ебеоеое 
1=11 2? 


TM 
5, 


2024 
, XF, F OR XF (OR D) ? 


CND-L/TNS? (CND,TNS,HA,H?) 
FRDGRP 
012345 
6026500 
í 


FRD FRTNMS 
Є LG? 12 1 
G MI 21 1 


РЕТ. 1 35 7 
FRD PRTNMS 1 
с LG? 


N 
у 


24 
^, F OR XF (OR D) ? 
CLASS MIC,MAC 


CND-L/TNS? (CND,TNS,HA, H?) 
FRDGRF 


012345 
250, 1.21.06 
NAMENT 
Ae MA? 121 2 
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е0өбебебободо0еОв0еоеоеоеоеое 
ізіз ^ 


ТМ=6 7 4 
5, 4 XF, F OR XF (OR D) ? 


END=L/TNS?  (CND,TNS,HA,H?) 
FRDGRP 


012345 
> 3 272 0.0 
NAMENT 
с Ма? 110 í 
с LG? 110 0 
€ +7 441 1 
^ LG? 11 3 
^ 7+3 ti 2 
E MI 110 3 
E МІ? 1+0 2 
D 7+3 110 1 
ЕКО KEPS 0 


в0е0е0в0ое0в09090е0е0еов0е0е0е 
1513? 


T- 4 2 4 7 2 
5, P, XP, F OR XF (OR D) ? 
STRUC MA 


CND=L/TNS? (СМ, TNS, Ha, Н?» 
FRDGRP 


012345 
— 041520090 
NAMENT 
F MA? 124 2 
Ae МА? 120 1 
G MAT 10 2 
PRTL 1 357 
NAMENT 
F МА? 22 2 
At МА? 121 1 
G MA? 41 2 
PRTL 13579 
NAMENT 
F MA? 11 2 
At ма? 121 
G МА? tí 2 


о0о0505050505050505050505050= 
I=44 ? 
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ТМ=4 
4 P, ХР, F OR XF (OR D) ? 
CLASS 5 


CND=_/TNS? (CND, TNS, НА, Н?) 
FRDGRF 


N D ارا‎ = ы 


»O*O»üsDeQsQeDsQsQsOsQeOseQe 
52 


TR 44272 
5, Р, XP, F OR XF (OR [DD ? 
STRUC MI? 


CND=L/TNS?  (CND,TNS,HA,H?) 
FRDGRF 
012345 

- 0,021000 
NAMENT 

^ MI? 12 2 

E MIT 1 í 

D МІ? 124 4 


„ οοοο 
13165 ? 


TH=4 
F, XP, F OR XF (OR Ú) ? 
RUC L7 


CND-L/TNS? (CND, TNS, HA, H?) 
FRDGRP 


012345 
~ 012020 
NAMENT 

* LG? 119 4 
а LG? © 1 
Fe (67 í А 
D LG? 11 2 
с LG? 9 2 


O 
Isi? ? 


TM-4 6 4 2 
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S, P, XP, F OR XF COR 0) ? 
STRUC MA 


END=L/TNS?  (CND,TNS,HA,H?) 
FRDGRP 


012345 
- 012000 
NAMENT 
D MA? 41 2 
с Ма? 124 2 
G MAT 110 1 


е 0 0909000200) Oo 
118 ? 


TH=4 6 4 2 
5, Е, ХЕ, F OR XF (OR D) ? 
CLASS МІС 


CND-L/TNS? — (CND, TNS, HA, H2) 
FRDGRF 


612345 
- 121100 
NAMENT 
G MI 119 3 
B MI 4% í 
n МІ? 14 0 
^ MI 21 1 
A MI7 21 2 
ЕКО KEFS 0 


eQeQegQegoeoegeOoeO0eOQeQneOs0eO0eno 
I=49 ? 


TM-4 4 4 4 
S, P, XP, F OR XF COR [D 2 
STRUC L? 
CNDzL/TNS? (CND, TNS, He, H) 
FRDGRF 
012345 
a BR A at, (0: 
NAMENT 
E LG? 0 1 
D LG? 11 1 
с 167 ° 3 
id LG? 110 4 
G 167 10 2 
Fe LG7 i 3 
FRD KEPS í 


29-0-0°050°0*0°0505050505050° 
1=20 ? 
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ü" 1+pA 
23 


GSIGE-UNIR GSIG, (CLSNDXEL7C)/136 


ТМ=1 1 
$, Р, 
CLASS 


TK 


ХР, 
1-76 


CNDzL/TNS? 


FRDGRP 
9 


1 


F OR XF (OR D) ? 


(CND, TNS, НА, H?) 


2 3 4 5 


= о 4 13 20 14 3 
FRD KEFS 2 


CNDeT / 
NAMENT 
Ат 
а 


G+ 


Oοο 


1224 2 


TM-4 6 
S, Р, 
STRUC 


TNS 


LG? 
7+3 
+7 

LG? 
LG? 
7+3 
7+3 
LG? 
LG? 
LG? 
7+3 
7+3 
7+3 


4 
XP, 
MIT 


2 


CND=[ ¿TNS? 


FRDGRF 
0 1 


o οοο 


1522 ? 


TM=4 4 
S, Р, 
70 
579 
CLASS 


F9 t to © IIO EL t to N MSN NY 


F OR XF (OR O) ? 


(CND, TNS, HA, H?) 


976 


XF, 


9 


F OR XF (OR D> ? 


247 


CND=L/TNS? (СМР, TNS, HA, H?) 
FRDGRF 


012345 
= 12 0 a0 
FRD KEFS 1 


e eοοο 


12% 7? 


TM=4 
S, Е, ХР, Е OR XF (OR Dy ? 
STRUC MA 


CND-|/TNS? | CCND, TNS, НА, Н?) 
FRDGRP 


012345 
2.012210 
NAMENT 

G МА? 10 2 
Е MA? 100 2 
E MA7 © 4 
с MA? 0 4 
at MA? 110 3 
А МА? 9 3 
FRD KEFS 2 

OK? 


TO KEEF H, ENTER: 'NAME¢H', OTHERWISE CR 


NAN ю юкә 


іммімееоФФФО 


ы 
= ° 

° 
*' Bh 

ю 
ым 

> 


Bod b b b 5 p b O 
bab 
BN 
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14976 


4 
o 
M 7$: А A+ 

H 

M: 0: C D ^f^ Ae 

H: ағ МА? 

M: 0: C D “fA ^t 

H 6 MIT 

M 9 с D “tA At 

H: € LG? 

M: 0: € D Е 

H: E +7 

M: 0: F G D E 

H Ағ MA7 

M e F G E 

H G MIT 

M: 0: FE G Fe E Fe 
H: с LG? 

M: Ө: € 

H: D+ 167 

M: ©: G * E D 

H: G МА? 

M: © G + E D 

H: ^ MI? 

M: í as «C D E 

H: G MI 

M: 0: Fe G E 

H: с LG? 

М 0: E E D E Б D 
H: F MA7 

M: 0: E 

H: G LG? 

M: 0: Е Е Е D G D 
H: E MIT 

M: 0: E 

H: á LG? 
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Listing 14-2. The session treating the same M and ATK vectors but 
mixing the ideas of the hypothesis on order with additional musical considerations, 


НОРМ 

NFH: 3 

60816 CURRENTLY SET TO 

1715 7 5 025 30 32 20 16 9 6 
3 í 8 12 18 26 27 34 2 11 33 10 
21 28 35 13 4 23 14 29 24 31 19 22 


RDUP AND NDUF SET TO í AND 3 


0. o · o· o · o· o. o· o. o · o · o. o · o · 
10 ? 
SKIP 


eQeQeQeDeDeOeQOeDeOeDeOcDoOeDe 
1=4 ? 


TM-0 2 72 

S, P, XP, F OR XF (OR D) ? 
XF'€TM 

XFet 


CNDZL/TNS? | CCND, TNS, HA, НЭ) 
ОРНА 

44 8 

CLASS MIC 

ОРНА 

4 8 
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NAMENT 


6 MI 121 6 
De MI 210 6 
G MI 121 6 
G MIT 121 ó 


he 
I=2 2 


ТМ=0 2 3 2 
$, Р, XP, F OR XF (OR 0) ? 
STRUC MA 


CND=L/TNS?  (CND,TNS,HA,H?) 
FRDGRF 


012345 
0110090 
NAMENT 
* MAT 111 1 
* МА? 220 2 
3 F2FN 1 


o οο 
133 ? 


ТМ=0 2 3 72 
S, P, XP, F OR XF (OR D) 2 
STRUC А? 


CND=L/TNS?  (CND, TNS, HA,H?) 
FRDGRP 

5 
9 


» 0e ο h ο‚οmꝛ— 
1-4 ? 


TM=0 2 4 
S, P, XP, F OR XF (OR D) ? 
CND-L/TNS?  (CND,TNS,HA,H?) 
FRDGRP 

9 12 3 45 
= 1 18 26 10 9 6 
FRD KEPS © 


O h. 
1=5 ? 
a 


SKIF 36 0 0 Q 0 
G MI 7 719 2 6 
D+ МА? 47 3 710 2 
D +7 23 2 610 0 
^t +MA7 25 10 2 6 9 


S e 


mooo 


0 
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TM-6 7 2 4 
S, F, XP, F OR XF (OR D) ? 


CND=L/TNS?  (CND,TNS,HA,H?) 
FRDGRP 


09 12 3 4 5 
- 0 516 9 о @ 
FRD KEPS f 
NAMENT 
C LG? 121 1 
с +7 122 í 
Gt *MA? 122 1 
G MI 110 4 
Е “МІ? 111 + 


„ 
1=6 ? 


S, P, ХР, F OR XF (OR 0) ? 


END=L/TNS? (CND, TNS, Ha, H?) 
ОНА HTNSNM TM 

2100 9 1210 

NAMENT 

D+ Мат? 4100 2 
FITM FN 7 9 11 
TM RESET TO 5 ? 5 


гбеоеОе0еоеог0е0е0еогогоеосов 
I=? ? 


I= 7 6 4 6 
S, Р, XF, F OR XF COR D) ^? 
STRUC L7 


CND=L/TNS? € 
FRDGRP 


ND,TNS,HA,H?) 


3 
= 0010 
FRD KEFS 2 
o Oοοοοο 
1-8 9 


TM=7 

S, Р, XP, F OR XF (OR DD ? 
HL. TC 

5 7 9 

CLASS 5 


CND=L/TNS?  (CND,TNS,HA,H?) 
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FRDGRP 


OTNS 


1000 11 100 Q 0 O 110 110 110 10 10 10 í í 


CNDe[/TNS 


„O 
1-9 9 


TM=? 6 4 2 
S, P, XP, F OR XF (OR D) ? 
74 OVRIDS MA 


CND=L/TNS? (СМО, TNS, Ha, H?) 
OHA HTNSNM TM 

9 2110 ° 0 
FITMALL FN 1 3 5 7 9 11 13 
TM RESET TD 7 5 4 2 


e Oο 
1310 ? 


ТМ=7 6 4 2 

5, Р, XP, F OR XF (OR D) ? 
3 OVRIDS MA 

THM£+TGM[I-1; 1 


CNDzL/TNS? (CND, TNS,HA,H?) 
DTNS 
1211 


50-90050 50505050%0%0°02050е0% 
Lett: 29 


Тиа72 024 

5, P, ХР, Е OR XF (OR D) ? 
ec 

6 8 10 

4 OVRIDC 6 


CND=L/TNS? (CND, TNS, На, Н?) 
FRDGRP 
6123 
- 6003 
FRD KEFS 4 
C MA7 12 
C МАТ 12 
FITM FN 1357 
TM RESET TO 71 0 2 4 


4 
4 
9 


„O 
1212 2 


1 


999 


253 


UTGMEI+15; 1 
ата 
442472 
4 
444272 
4 

Teta 


TH=4 

S, Р, ХР, F OR XF (OR D) ? 
STRUC 1759 

FeFN 9 

CND-L/TNS? (c, TN, HA, H?) 
». 
1212 ? 

1613 


ТМ=4 42472 

S, P, XP, F OR XF (OR 0) ? 
0.76 

5,229 

CLASS 9 


CND-L/TNS? „ 
FRDGRP 
0123 
* 0034 
FRD KEFS 2 


ND, TNS, HA, H?) 


„ O 
таға? 


TMs6 7 4 
5, P, XP, F OR XF (OR O) ? 
72 OVRIDE 6 


CND-L/TNS?  (CND, TNS, HA, H?) 
OTNS 

4420 1120 1120 1120 1420 
FITMALL FN 1 3 5 7 9 11 13 
TM RESET 10 5 7 4 


FRDGRF 
012345 
- 001310 
+ 002300 
МЕТ 4 = 3 
NAMENT 
^t МА? 1120 2 3 
AF MA? 14120 3 3 
et ма? 4120 3 3 
AF MA? 4120 3 2 
A+ MA? 1120 4 2 
NARROW 4 
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еПейеб0ебйо0еОө0еОесеОе0е0едеое 
1=15 ? 


à 


DR XF (OR D) ? 


PROSDSD 


“+ ЕПН 1-2 
CI+tPrATK) CHNGTM 74 
TM RESET 10 3 3 3 1 6 + 


CNDzL/TNS? (CND, TNS, НА, H?) 
ПНА HTNSNM TM 
000000 


090506000900 0200000090009 
Is16 ? 

TM=3 

S, F, XP, F OR XF COR D) ? 

74 EQH 1-2 


CNDs[/TNS? — CCND, TNS, HA,H?) 
HA HTNSNM TM 


e οοοο % 
1517 ? 


TM-3 5 3 í 
S, P, XP, F OR XF (OR D) ? 
STRUC MA 


FRDGRF 
0123 
0002 

FRD KEFS 4 


CND-L/TNS?  CCND, TNS, НА, H?) 
5 


„ 
Ізі ? 


113 5 3 1 
5, P, XF, F OR XF (OR D) ? 
2 EQH I-1 


CNDeL/TNS? СМ), TNS, Ha, H?) 
ПНА HTNSNM TM 


255 


90909 


h 
1219 ? 


TM=3 3 3 3 
S, P, XP, F OR XF (OR O) ? 
© EQH I-2 


CND=L/TNS? (CN, TNS, Ha, h) 
ПНА HTNSNM TM 
06000 


»020e0»0*Qe050s0eQeQeDeneOene 
1220 ? 


TMs40 
S, P, XP, F OR XF (OR D) ? 
é EQH 1-3 


CND#=L/TNS?  CCND,TNS,H4,H?) 
DHA HTNSNM TM 

1101 

FITH FN 1 3 5 7 9 41 13 

TM RESET TO 9 


„O 
1215 


Neat 


S, P, XP, F OR XF (OR Ú) ? 
9 EQH 17 


CND=_/TNS? (СМО, INS, Ha, ) 
OHA HTNSNM TM 
° 


„. 
1321 ? 
1722 


ТМ=10 8 é 5 
S, P, XF, F OR XF (OR D) ? 
© EQH 18 


CND=L/TNS? (CND, TVS, HA,H?) 
DHA HTNSNM TM 

9 9 2101 ° 
FITMALL FN 1357911 13 
TM RESET TO 19 8 ? 5 
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»Oοο 


1221 ^? 


TM-3 5 3 $ 
S, P, XP, F OR XF 


CND-L/TNS?  (CND, TNS,HA,H?) 


FRDGRF 


CLASS 5 
FRDGRF 
9-42 
— 6001 
+ 0101 
NET ^ = 4 
NAMENT 
B LG? 121 
Dt LG? 13 
OK? 
TO KEEP H, ENTER 
MM*-TGM 
ннен 


ORIGINAL TARGET М 


3 72 


(OR 0) ? 


5 

7 

o 

4 3 

3 1 
!NAMECH', 


OTHERWISE CR 


257 


„O 


Ағ 


10 


D 


MA7 


G 


LG? 


LE 


7+3 
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Listing 14-3.Listing of a session in which melody and harmony for а “В” theme are composed simultaneously. | 


НРАТТЕКМ 

ENTER VECTOR OF PAIRS OF (NO. OF H'S, NO. OF T-UNITS/H) 
284 
ATK PATTERN FOR 6 H'S 
1 


ATK PATTERN FOR 4 H'S 


ATK PATTERN FOR 8 H'S 
1 


DUMMY ATKO AND MO NOW SET TO FIT RH: 


АТКЕАТКО 
HOFM 
НЕН: 3 
GSIG CURRENTLY SET TO 
17 15 7 5 © 25 30 32 20 16 9 6 
3 1 8 12 18 26 27 34 2 11 33 10 
21 28 35 13 4 23 14 29 24 34 19 22 


RDUF AND NDUF SET TO í AND 3 


259 


„ ο - 


4341432 12144314431 


FORM*e'ACA)ACÓ) BECA) BCOD " 
FLANCO 4 10 14 


TMs0 123 

5, P, XP, F OR XF (DR 0) ? 
UPTM (Titt, MM) NVRT 471, ММ 
OTM 

32072 

XFe1 

XFETH 

Sena 


CND=L/TNS? (END, TNS, HA, H?) 
ОРНА 
18 


eO. 
112 


TM-0 í 2 
5, P, ХР, F OR XF COR D) ? 
74 кон 9 


CND=L/TNS?  Ç(CND,TNS,HA,H?) 
© 71 MLDZ 1 3 1 
TM RESET TO 71 4 6 


05050-06000. 0000000090050 
122 7 


TM=0 4 2 3 

5, Р, XF, F OR XF COR D) ? 
DMMETT; 3 

3531 

UPTM &MML17; J 


END=L/TNS? (CND, TNS, HA, H?) 
FRDGRP 
912345 
= © 4 22 36 11 0 
FRD KEFS 2 
STRUC MI7 
ОРНА 
1 8 


е0едебоооОвбогоебеоеоеагаеоеое 
143 ? 


260 


TM=0 

5, P, ХР, F OR XF (OR D) ? 
DTGM[I-1;0] 

3 


UPTM 3 
Scha 


CND=L/TNS? (c, TNS,HA,H?) 
ОРНА 

4 8 

OTNS 

110 10 11 © 

CNDET/TNS 


эПоОгоеоосеое0ОоОе0оОеоеоеоеое 
I=4 ? 


DPLAN 

9 4 $0 14 

OFORM 

ACAI ACE) ВСА) BC 4) 

TM-0 12 3 

S, P, XP, F OR XF (OR D) ? 

4 EQM 0 

o 

Ge MA? 17 8 9 3 71 
E MA7 17 4 811 3 
De MIT 5 3 6 10 1 

^ MA7 17 9 1 4 81 


4 OVRIDC L7C 


CND=L/TNS? (CND, TNS, HA,H?) 
FRDGRF 

01234 
- 00441 
FRD KEFS 4 
FITMALL FN 1 3 5 7 9 44 13 
TM RESET TO 5 3 í “4 


5 
9 


O ο D 
15 2 


TM=@ í 2 
S, P, XP, F OR XF (OR D) ? 
UTGM[O 4;3 

3290-2 

7146 

OTGME4; 1 

43474 

OSETNAMES НГӨ 4;1 

6% Ма? 

Е ма? 

USETNAMES НГ,4;2 

ce 167 


0 


261 


í EQM 1 
1 ERH í 


CND-L/TNS? (CND, TNS, Ha, 9 


o- o- o o- o- o· o. 
1=6 ? 


TH=0 1 

S, Р, XP, F OR XF (OR D) 2 
1 EQM 2 

отн 

46 

Fei 

SeMA 


CND=L/TNS? (CND, TNS, Ha, 9 


O .- 
I=? ? 


TH=0 
S, F, XP, F OR XF (OR 0) ? 
72 OVRIDC MAC 


CND-L/TNS? (CND, TNS, Ha, H?) 
6 71 MLDZ í 
TM RESET TO 8 


$050502050%05050%050%0°0°0°0» 
1-8 ? 


ТМ=0 1 
S, F, XP, F OR XF (OR D) ? 
72 OVRIDC MAC 


CND=L/TNS?  (CND, TNS, НА, H?) 
9 71 MLDZ 1 
TM RESET TO 9 11 


O 
129 ? 

ТМ=0 

5, P, XP, F OR XF (DR 0) ? 

3 OVRIPC MAC 


CN TNS? (UND, TNS, Ha, Н?) 
9 74 MLDZ í 

TM RESET TO 12 

UFLAN 

6 4 10 14 


„Oο . 
Ісі 7 


262 


ТМ=0 4 2 3 
$, Р, XP, F OR XF (DR 0) ? 
71 EQH 9 


CND=L/TNS? (CND, TNS, НА, H?) 
9 7% MLDZ i 1 ^3 ^1 
TM RESET TO 43 4498 


Oοοοο 
1311 ^? 


ТИз0 í 2 3 
5, P, ХР, F OR XF (OR [D ? 
74 EQM 10 


CND=L/TNS? (CND, TNS, НА, H?) 
KEPS FRD 2 


„ οοοοοο . 
112 2 

TM=0 4 2 

$, P, XP, F OR XF (OR D) ? 

74 EQH 11 


CND-L/TNS?  (CND, TNS, HA,H?) 
© “4 MLDZ í 
TM RESET TO 5 6 8 


„ ο 


1813 7 

ОМАМОН 10 44 12 
Ce D A Ge : D 
A At F E EL 
F FR Gt : Fe 


TGMCI;12]¢'10' 


TM=10 

5, P, ХР, F OR XF «OR D) ? 
STRUC L743 

CND=L/TNS? (c, TNS, НА, Н?> 
ОРНА 

68 


O ο 
1214 2 

OF ORM 

ACA2ACÓ)BCADRCAD 

ОРАМ 

9 4 10 14 


ТМ=0 123 
S, P, XP, F OR XF (DR 0) ? 
73 EQM 10 


НА? 
МА? 


263 


73 EQH 10 
CNDzL/TNS?  (CND,TNS,HA,H?) 


„O . 
I=45 ? 


TM=0 123 

S, P, XP, F OR XF (OR D) ? 
73 EQH 41 

73 EQM 11 


CNDsL/TNS? (CND, TNS, HA,H?) 


20000000 200000e00080902000000 
1=16 ? 


TM=0 í 2 

S, P, XP, F OR XF (OR D) ? 
73 EQM 12 

73 EQH 12 


CNDSL/TNS?  (CND, TNS, HA, Н?) 


вовоеоеоваеоеоеоесвоеоеоеоеов 
1947 v 


ТМ=9 
5, P, ХР, F OR XF (OR D) ? 
73 EQM 13 
üTM 
7 
ОМАМОН 16 
D D+ F : D+ МА? 
OMXC 
91411 
CLASS 9 


CND-L/TNS? (CND, TNS,HA,H?) 

ОРНА 

14 8 

FRDGRP 
0123 

510-2755 

FRD KEFS 1 

NAMENT 

^ -MI7 11 

G -МІ? 0 1 

NARROW © 

OK? 

TO KEEP H, ENTER: 'NAME-H', OTHERWISE CR 


264 


ORIGINAL 


“ОеоОваепеаеоеоеоесоогоесеоеое 


IX Ts 


э-оэссосоосооФОФФФФФ 


0: 


RE 


TARGET M: 


3 
3 


3 


D 
се 


Е 
Е 


Dt 
De 


D с 
ма? 


mL 


+1Е Fe 
MAT 


265 
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In certain idioms—and Musical Theater is one— 
melody and harmony can often be composed with 
little or no consideration given to their stylistic 
presentation. Sooner or later, the composer or an 
arranger faces the technical problem of arranging 
the piece, i.e., expressing the melody and harmony 
in a stylized manner. With a particular set of voices 
in mind, whether human, instrumental, or syn- 
thesized, one approaches the task with a great deal 
of information. Each voice has its own useful range 
of pitch, its own tone color, and any number of 
idiosyncrasies--the way tone color changes with 
pitch and volume, the speed of acoustic response 
which limits articulation, particular pitches or pitch 
changes that may be difficult to perform, and on 
and on. But we're going to refer to “voices” іп а 
somewhat less specific way. 

The same mental processes that let us “hear” 
melody and harmony while no one is playing them 
allow us to hear “voices” that are independent of 
instrumentation. In sensing the tonalities that con- 
stitute harmonic continuity, particular sequences of 


tones stand out mentally, marking the changes from 
one chord to another. That is, we don't “hear” the 
root of one chord going to the root of the next while 
the third, fifth, seventh, etc, similarly move to their 
new positions. Instead, depending on the actual 
structures involved, we pick out a prominent se- 
quence of pitches (often a chromatic or scalewise 
sequence) in which the successive notes are dif- 
ferent functions of the successive tonalities. For ex- 
ample, from the sequence of tonalities on the upper 
staff of Fig. 15-1, voiced chords might be extracted 
ina way likely to be sensed as the lower staff. Lis- 
ten to the motion of each of the four voices here 
separately. 

Even when taken as abstractions, so that these 
fleeting voices are unhindered by any of the 
physical (instrumental) realities mentioned above, 
there are musical forces that affect the way we 
assign notes to them. I'm alluding to such arcane 
matters as the avoidance of parallel motion" in 
voices at particular intervals, the doubling of cer- 
tain chordal tones, and the selection of chordal 
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Fig, 15-1. A sequence of ''sensed” tonalities for a cadence harmonizing the pitch E-flat. The lower staff shows the "'sensed" 


voices for this cadence. 


tones that can adequately support a particular 
melodic fragment. At this introductory level, the 
reasons for such requirements can remain obscure. 
It may take some ingenuity to program such re- 
quirements into an overall procedure, but quite sim- 
ple programs that ignore these matters can be used 
by beginners. Ás sensitivity increases, one can 
begin to hypothesize about and experiment with. 
voicing and orchestration. Never before have such 
facilities been available to study such questions, and 
Iwould most emphatically encourage anyone with 
a computer and sound generating hardware to do 
so. 

In what follows, I will try to explain some ap- 
proaches to these problems. However, I will not 
Shown my program listings because of some extrin- 
Sic complications: The programs made extensive 
use of special device drivers for particular display 
and printer hardware. 


VOICING AND VOICE LEADING 


A convenient first step, after melody and har- 
mony have been composed, assigns chordal tones 
to abstract voices. With no other embellishment, 
this produces accompaniment to melody in the form 
of "sustained" harmony. This is the form used in 
most of the above examples where all voices attack 
simultaneously and sustain their individual tones 
for the full duration of the chord. When more in- 
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teresting motions are to appear in the accompani- 
ment, the sustained form that is the product of this 
first step will provide an excellent guide for these 
motions. So it is well worth examining the logic 
needed for this first step. 

The voicing of a particular chord relates to the 
order in which chordal tones are assigned to the 
consecutive voices, from lowest voice to highest. 
Voice leading refers to the way each voice moves 
from its assigned pitch in one chord to its pitch in 
the next. The terminology rests on the perception 
that each musical line or voice has a life of its own 
that can be seen in "snapshots" as well as in 
“movies.” The logic of any voicing algorithm must 
keep track of two sets of indices—one to associate 
with the position of each voice or musical line and 
the other to assign pitches or chordal tones to these 
voices. For example, the vector 3 7 1 5 could be 
used to assign the third of the chord to the lowest 
voice (index equals zero), the seventh of the chord 
to the next higher voice (index of one), and so on. 

Someone more at home in the programming 
world than in the musical one might express the 
same voicing by the vector, 2 4 1 3. Again the 
chordal positions for each voice are implicitly taken 
as 0 1 2 3, from lowest to highest. But now the 
chordal functions {the positions in the harmonic 
structure from which the chord is extracted) are 
related to column indices of the H vector, the struc- 


ture chosen in the HOFM algorithm for each har- 
monization. Because HII: O] contains the structure 
index (pointing to a row of the SIGMA array), the 
entries in this vector single out the second, fourth, 
first, and third tones in the harmonic structure 
directly, as if ignoring the index origin. These in- 
dices can be related to the musical ones simply by 
indexing the odd integers: 


odd integer 1357 
index 1234 


so that 2 4 1 3 in the programmer's eyes cor- 
responds to 3 7 1 5 in the musician's. 

Regardless of the form of indexing that is cho- 
sen, the real task of a voicing algorithm is to drive 
the voices collectively in a way that displays the 
tonality sequence while maintaining musical inde- 
pendence of the individual lines. The sequence of 
tonalities can be faithfully expressed rather 
mechanically; for example, if we are using four 
voices for accompaniment, the four lowest notes in 
each structure can be selected. Keeping the voices 
independent implies that we do not assign particular 
notes to particular voices according to any obvious, 
mechanical scheme. That certainly rules out con- 
stant parallel" relationships which would have the 
Nth voice always play the Mth note of the current 
structure. 

Logically, all possible voicings of a given chord 
as well as all possible voice leadings between two 
given chords can be characterized by permutations. 
Obviously, 3 7 1 5 is a permutation of the four 
lowest harmonic functions, 13 5 7. If the next chord 
is voiced in functional order, 1 5 7 3, that too is a 
permutation of the first four functions, and it is also 
a permutation of the previous voicing: 


1573 
1573 = 


13570231 
3715 [2310] 


Schillinger pointed this out and suggested methods 
that appeal to a programmer's instincts. Despite his 
prescience in such matters, he had to base his 
thoughts on the reasoning of his day. Then, 
arguments in concise mathematical form carried 


credibility. Whether or not they were practical, they 
faced no challenge from logical algorithms that 
were too exhausting to be carried out without error. 

Today, an initial method based on permutations 
could be embellished by controlling the permuta- 
tions through preference arrays which take into ac- 
count the root-tone motion between two chords, the 
harmonic functions present in each chord, the 
freedom category of the change in tonality involved, 
and so on. While it may be more difficult to pro- 
gram, an algorithm founded on musical logic rather 
than permutations will be easier for a composer to 
control and will lead to far more satisfying musical 
results. 


OUTLINE OF A VOICING ALGORITHM 


An initial chord must be specified in order to 
prime our voicing logic. It need not be the first 
chord in the harmonic continuity because the logic 
of voice leading will establish the next chord, 
whether “next” applies to the preceding or follow- 
ing one. Also, the word chord is being used here 
to specify a particular set of pitches extracted from 
a given harmonic structure and placed in a par- 
ticular (voiced) order. For simplicity, say we are go- 
ing to use four-part voicing, and our initial chord 
is to have the harmonic functions third, tonic, fifth, 
and seventh (3 1 5 7) reading from the lowest voice 
upward. To complete the specification, say we 
choose Ab as the root tone and 17 as ће row index 
from our structure array, SIGMA. This will give 
us the vector 


P1—0837. 


Notice, by saying these are to be read upwards,” 
we can use pitch values that don't take octaves into 
account; the lowest pitch is zero (C), the next higher 
pitch is eight (Ab), the voice immediately above that 
plays the pitch three (Es), and the highest voice 
plays seven (G). 

The next chord is to be voiced by our 
algorithm, and we will say the pitches are to be 
selected from the four lowest harmonic functions 
(1 3 5 7) of the given harmonic structure. Let's 
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assume the next structure in the given composition 
is in the LG7 class (row 16 of SIGMA) and is to be 
built on 0% (pitch number one). The algorithm can 
then construct the pitch vector 


V — + \1,SIGMA[6::3] 


which will be 1 5 8 11. This vector contains the 
notes that are to be in the chord, but those must 
now be assigned to the four voices so that the voice 
leading between the initial chord and this one is 
musically acceptable. 

An array of interpitch distances can now be 
created by the algorithm, showing how far each 
note in P1 must move to reach every note in V. In 
principle, the “‘jot-dot-minus” operation will do this: 


D-Vo-P1 


In practice, however, we want to adjust the 
resulting values to represent the shortest distances, 
up or down: 


0-0 - (xD) x TONSYS x (ЧТОМ5Ү5 = 2) 
« D. 


A single column of this array (D[;J]) shows how far 
one particular voice (the Jth voice) in the chord P1 
would need to move in order to reach every note 
in the chord that is not yet voiced. Of course, each 
voice can be given only one note in the new chord, 
and so the remainder of the algorithm must choose 
the "best" entry in each column. To do this in the 
typical HOFM fashion requires a collection of deter- 
mining conditions that have default settings which 
may be altered interactively by changing one or two 
parameters. 


Algorithmic Conditions For Best Voicing 
The conditions I use and their default modes 
work as follows. First, the direction of the melodic 
motion in going from the last pitch of the earlier 
segment of melody to the first pitch of the later one 
is found. Every column of the D-array then has its 
elements reordered using grade-up order for mo- 
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tions opposite to the melody, followed by grade-up 
order for parallel motions. In general then, the 
smallest motion for each voice moving in the direc- 
tion opposite to the melody is placed first in each 
column, and the largest voice movement in the 
same direction as the melody is placed last. À sep- 
arate subcondition decides whether a zero motion 
Should come first (the default), come between the 
positive and negative intervals, or go last. If the in- 
tervals in one column were initially (-2 1 5 -4) and 
the melody moved downward, this column would 
be reordered to (1 5 -2 -4). Because the rows of 
D correspond to consecutive harmonic functions, 
in APL we find 


(135 7-215 -4 1 5 -2 -4] 


equals 3 5 1 7, indicating that the voice represented 
by this column would by preference play the third 
of the “next” chord. If for some reason that pitch 
is ruled out, the remaining choices for this voice 
in order of preference are the fifth, tonic, and 
seventh. 

The next condition controls the order in which 
voices (columns) are to be assigned pitches. By de- 
fault, ] work from highest to lowest voice. What- 
ever order is used, other conditions (described 
below) are applied to find the most preferred pitch 
(the best“ row in the given column) that meets all 
requirements. If, say, the first and second voices 
have been assigned satisfactory tones, and then it 
turns out that the conditions can't be met for the 
third voice, the algorithm returns to the second 
voice and changes the selection to the next pre- 
ferred pitch according to the conditions for that 
voice. It then goes back and tries to fill the third 
voice again. It may turn out that no setting of the 
second voice alleviates the problem, so the first 
voice needs to be reset before the chord can be com- 
pletely specified. 

The highest voice need only avoid crossing (go- 
ing higher than) the lowest pitch in the melodic seg- 
ment. This can be overridden to make the limit any 
higher pitch, whether in the melody or not. Notice 
that this implies that the melody uses relative oc- 
tave indications here, so the highest voice in the 
initial chord is taken to lie within one octave of and 


below the lowest pitch in that initial melodic seg- 
ment. The algorithm then can keep track of the 
positions of all the notes (in all the voices) in the 
later chords. 

The first (highest) voice, as well as the others, 
must not duplicate the two melodic tones con- 
necting two melodic segments i.e., if a voice plays 
the same pitch as the last note in its melodic seg- 
ment, it must not move to the same note as the first 
pitch of the following segment. An additional rule 
prohibits duplication of the first note in a melodic 
segment if the motion to that note is in the same 
direction as the melodic motion. For example, if the 
melody goes from E in one segment upward to G 
in the next, no chordal voice should move to G if 
the motion is upward. 

The later (lower) voices undergo additional 
scrutiny. À later voice may not ordinarily duplicate 
an earlier one in the same stratum. In addition, 
voice cannot cross; the lowest voice must remain 
the lowest, and similarly, the other voices must stay 
in their relative positions. Selecting voices in the 
default order from highest to lowest works most ef- 
ficiently because only the position of the previous 
voice, beginning with the melody, needs to be 
checked. This sequence also seems to favor the pro- 
duction of "range-balanced" chords—chords in 
which the closer intervals are in the upper voices. 
But better control is explicitly provided by some 
vectors which will be described below. 

А final condition may (by default) be applied 
to a "completed" chord. If the tension within the 
resulting structure exceeds 1,000, a further test is 
made of the “offending” voices—those whose pitch 
names differ by one semitone. If their separation 
is greater than one octave, they interchange pitch 
names but stay in their "octave," i.e., each moves 
toward the other through one semitone so that mi- 
nor ninths are converted to major sevenths. If this 
violates any other condition, the chord is consid- 
ered unacceptable and the voice-selection process 
resumes until a satisfactory pitch assemblage is 
found. 


Other Controls for the Algorithm 
By default, the algorithm expects to use one 


stratum containing as many voices as are in the in- 
itial chord. The harmonic functions for these voices 
will be taken to match the relationships between 
the initial chord and the initial structure. However, 
the STRATA vector can be explicitly set, for ex- 
ample, to 1 3 2, indicating there are to be three 
strata, the lowest pitch in the initial chord is (the 
only one in) the lowest stratum, the next three 
pitches comprise the middle stratum, and the two 
highest pitches from the top stratum. In this case 
there will be three harmonic function vectors 
established: HF1, HF2, and HF3. By default they 
are set to correspond to the functional relations be- 
tween the initial chord and the initial structure for 
each stratum. Of course, they can be reset by the 
user at any time, keeping a number of rules in mind. 

When the number of voices in a stratum is 
greater than the number of entries explicitly set by 
the user in the harmonic function vector (HF#) for 
that stratum, the vector is extended by cycling over 
its entries as required to match the number of 
voices in the stratum. For five voices with three en- 
tries in its HF vector (1 3 5), the vector would 
become (1 3 5 1 3). In the reverse situation, where 
a stratum contains fewer voices than allowed har- 
monic functions, another set of rules applies. If 
there are N voices in such a stratum, the first (N-1) 
functions in its HF vector must be used. 

When any one of the remaining functions in the 
given vector appears in a voice, the other “extra” 
functions become invalid for that chord. For exam- 
ple, if we have four voices and the function vector 
(17 11 3 5 9), possible chords will all contain the 
root, seventh, and eleventh, while either the third, 
fifth, or ninth of the harmonic structure will also 
appear. However, even the “N-1 rule" can be over- 
ridden by including a minus sign before an entry 
that comes before the (N-1)th. That is, (1 7 11 
3 5 9) would force only functions one and seven to 
appear in the chord along with, for four voices, any 
two of the functions, 11, 3, 5, and 9. A function vec- 
tor that begins with a negative value (-17 1135 
9) provides the most freedom; for a tetrad, any set 
of four unique entries could be chosen from this 
vector. 

Different strata can be given individual direc- 
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tional trends and range limits. I have experimented 
with a number of ways of doing this, but there are 
so many different possibilities that I haven't been 
able to gather them all into a single scheme that 
is easy to use. Further, I frequently find it hard to 
decide whether this should be treated as a problem 
in voicing or in stylistic accompaniment, which we'll 
discuss below. The most efficient approach so far 
relies on another (growing) library of auxiliary 
subroutines. Instead of discussing my current (and 
tentative) methods here, I’ll just point out some of 
the problems they address. 


SOME UNRESOLVED VOICING PROBLEMS 


The following problems seem to be problems 
of voicing, and it would be desirable to have voic- 
ing algorithms that solve them. So far however, 1 
find it easier to treat them interactively as problems 
of stylistic accompaniment, as we'll see below. 

The highest or lowest voice (or both) in a 
stratum may "need" to be confined to a specific 
range. While voices in one stratum may not cross, 
voices in adjacent strata may do so if overlapping 
range specifications are set. Range specifications 
are quite tricky here because my voicing routines 
use pitch values in the “reference octave"; only the 
melodic line carries octave information in my cur- 
rent programs. 

Range and octave considerations can also af- 
fect the “openness” or the “balance” of a chordal 
setting and require explicit control. Openness refers 
to the intervals between adjacent voices in a chord; 
in close harmony, the pitches are distributed with 
minimum separations between voices. The tetrads 
(C E G B), (E G B O), (G B C E), etc. have this 
“close” property. The form (C G E B) is an open 
one and so is (C E B G), but the latter one may not 
be “balanced.” If the upper voices are more widely 
separated than the lower ones, the chord is said to 
be unbalanced or “top-heavy” and it sounds 
“weak” (there is а loss of resonance in the sound). 

Further, in a low register, the low frequencies 
of close voices interfere to create an effect often 
characterized as “muddy.” If the lowest interval 
in the last chord (from C up to E) is a tenth rather 
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than a third—i.e., an octave plus a third—the chord 
will have better balance and resonance. In any case, 
after the harmonic continuity has been completely 
established, each voice plays a completely “сог- 
rect" musical line, and so the positions of the 
various voices can be interchanged, e.g., the two 
lowest voices might be interchanged so that the se- 
quence of voices, from lowest pitch to highest, 
would be 1 0 2 3 (for four-part voicing). Questions 
of balance must then be set aside because they de- 
pend on orchestration rather than voicing. 

Given a melodic segment and its accompany- 
ing harmonic structure, the choice of alternative 
harmonic functions for voicing the chord is often 
related to the melodic content. That is, when I see 
a melodic line and its named harmony (root and 
class), I somehow let the notes in the melody deter- 
mine which harmonic functions should provide 
chordal support. The use of complete seven-part 
structures for melody and harmony allows all the 
melodic tones to be considered as harmonic func- 
tions. While it's easy to tell what functions of the 
harmony are “missing” іп the melody, it is not at 
all obvious to see what functions should be in the 
chord to support the melody in such a way that 
both, melody and chord, express the proper tonality 
with satisfactory resonance. Functions that appear 
inthe melody may or may not produce an adequate 
effect if duplicated in the chord, depending on their 
duration and position in the meter, as well as on 
the functions themselves. This is another area 
where a good hypothesis is needed to convert a 
musician's understanding to logical programs that 
will simulate his methods. 

Another facet of voicing involves ''chro- 
maticization of harmony. This is the sort of thing 
shown in Fig. 9-13 without computer assistance. 
After the sustained voiced has been worked out, 
individual parts are allowed to move chromatically 
and scalewise between and around their specified 
tones instead of sustaining them. The intermediate 
structures produced in combination with the 
melody should display tension values within con- 
trolied limits. The voices need not reach their 
“target” tones simultaneously, nor need they hold 
those pitches while lagging voices catch up. The 


original chord then serves only as a template for 
what occurs without ever necessarily appearing in- 
tact in the harmonic continuity. 


A PROGRAM FOR CREATING 
STYLIZED ACCOMPANIMENT 


Given melody, harmony, and voiced chords, our 
ultimate goal is to produce something resembling 
a musical score. While there are countless problems 
of musical logic to be solved in this process, before 
any of them can even be considered, a practical 
form of representation must be worked out, and this 
is the biggest problem of all! 

The program to be demonstrated here, unlike 
the previous interactive programs shown, was de- 
veloped explicitly to use a video display screen as 
the primary device for interaction rather than a 
typewriter-like keyboard/printer. This means that 
the user can indeed work with a “score,” pointing 
or moving the cursor to any part of the screen and 
making entries or changes at will. When the return 
key is pressed, information anywhere on the screen 
can be examined and used by the program. No 
longer must the user enter complete statements 
such as I- 9." He can now point to the area on the 
screen that contains the current segment number 
and enter the value he wants to use. While he no 
longer needs to think in terms of a computing 
language, he must understand how to communicate 
with the program being used. It would be ideal if 
all such communication could be carried out 
through natural language, but words just are not 
efficient enough for such unnatural subjects as 
music. 

The details of a specific form of representation 
for the rythms in the various lines of a score and 
for the instrumental content of such a line (a single 
instrument, a section of an orchestra, a pianist's left 
hand, etc.) remain complex, no matter what kind 
of interactive devices аге to be used. ГП describe 
a notation system here which was worked out so 
laboriously and subjectively that it should only be 
viewed as a suggestion for approaching the prob- 
lem of representation. If a standard form of 
representation is ever worked out, it may have 


nothing at all in common with the one to be de- 
scribed. 

The pieces shown in “The Cybernetic Song 
Book” following this chapter were arranged by the 
program to be described here. That program ac- 
cepts as input the results of the HOFM program 
treated according to the voicing algorithm de- 
scribed above. As you might expect, a session is 
broken into segments that correspond to those used 
in HOFM. The samples shown in Figs. 15-2 and 
15-6 are “printer snapshots" of the display for some 
of the segments used to develop the second piece 
in the song book. The “I-time” message appears 
in red at the top of the screen, information displayed 
by the program is printed in blue, and user entries 
are in green. (The blue and green are far easier to 
distinguish on the display than on the four-color 
printer!) Each segment of a piece occupies a sepa- 
rate display screen and so, although printer paper 
(according to my dealer) can be bought “for a 
song,” printer snapshots quickly deplete my paper 
budget. 

The program begins each segment by clearing 
the screen and displaying the segment number in 
red: 


SEGMENT # 14 


It then waits for the user to change the segment 
number or accept it. When the return key is 
pressed, the program shows the target melody and 
(voiced) harmony for the segment whose number 
is on the screen. 


TM = 0024042 
H LG7 (1573) 
R: О (blinking cursor) 


The program then waits for a rhythm to be entered. 


RHYTHMIC REPRESENTATION 


Two symbols are used to describe rhythms, one 
to indicate melodic attacks and the other to “mark 
time" for the expected accompaniment. If the 
target melody for the segment has five notes, the 
specification shown 
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R o6000 


МЕМ) о 


SEGMENT + 1 


TM = 8 7 


H = D -МІ? (3 4 5 7) 


SEGMENT 


1 2 
G LG? Gí 5 3) 


LIKE 1 


Fig. 15-2. “Snapshots” of the first few screens of the interactive session that developed the second piece in Ine Cybernetic 


Song Book." 


might imply the rhythms shown in Fig. 15-3. Here, 
the dots are regular enough to represent the tick- 
ing of a metronome. But the same representation 
could also account for the rhythm of an accompani- 
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ment in which dots keep a less regular but quite 
specific beat, as in Fig. 15-4. 

Although the choice of symbols can be ar- 
bitrary, the program must know what pair of sym- 
bols to expect. Blanks cannot be used as separators 
and should not be used as one of the symbols, so 


E > 


Hee mE 


Fig. 15-3. Two possible metronomic inter- 
pretations of a ""dot-rhythm." 


— 


4a 


that the entire rhythmic pattern is explicitly visi- 
ble. The rhythm 
e°... 


implies five attacks with no special indications to 
describe or leave room in the score for the meter 
or the accompaniment. 

The rhythm for a segment can be made iden- 
tical to that for a previously treated segment by a 
LIKE specification. That is, 


LIKE 3 


would be equivalent to reentering the same 
rhythmic notation that was used in segment number 
three. If the LIKE-segment number given by the 
user has not yet been defined, the last rhythm that 
was used is taken for the current one. 


THE SCORE 

After verifying that the rhythm entered ac- 
counts properly for the melodic attacks (the number 
of entries in TM), the program redisplays the 
melody in a form that spells out its harmonic and 
rhythmic content. For example, if the above rhythm 


Melody 


were applied to the five melodic tones (C D E F G) 

harmonized by an F-major tonality, the following 

line would be printed: 
M(FN):..5..13.71.9 


The "M(FN)" indicates that what follows shows 
the melody in functional form, i.e., each note is 
given in terms of its “functional” position in the 
harmonic structure. The rhythm here was defined 
by a string of 16 characters. This line, beginning 
with M(FN), rewrites the melody, using an expan- 
sion factor or four, in 64 character positions. The 
user is now to consider this line to be a temporal 
template, entering directly below it lines of 
Characters that describe voices or groups of voices. 
The characters so entered must line up with the 
template so that rhythmic simultaneity is directly 
observable. The space allotted to each “time unit” 
is now large enough (four characters) to contain any 
of the allowed codes (to be described below) for in- 
dicating voice behavior. The sequence 


2 


Fig. 15-4. The same dot mm of Fig. 15-3, 
interpreted to mark the attacks of the 
accompaniment. 


ЕЕ 


Accompaniment 
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МЕМ:..5..13.71..-. 


Vi: -4.24. 4 
V2: .3.23....3... 
УЖ STE Жо Қада 


describes а rhythmic setting for four voices, in- 
cluding the melody. Translating the melodic func- 
tions to notes in an F-major tonality and the voice 
entries into chordal indices where 1, 2, 3, and 4 
mark the positions of the tones F, C, A, and E (in 
the H array), we have the score shown in Fig. 15-5. 

After pressing the Enter key, the "score" is 
reprinted (following a quad symbol) with pitch 
names substituted for functions and chord indices. 
If nothing had been entered below the M(FN) line, 
the program would check to see whether LIKE had 
been used to define the rhythm. If it had not been 
used, just the melody would be displayed after the 
quad symbol. But if LIKE had been used, the coded 
score for the indicated LIKE segment would appear 
below the melodic template, and the program would 
return control to the user so that he might edit it 
or accept it without change. After the user strikes 
the Enter key, whatever is then in this area of the 
screen would be decoded and printed as the score 
following the quad symbol. 

The maximum number of instrumental lines 
can be given beforehand, so that the program can 
display an “empty” (1.е., dotted) form for the score. 
The user then can replace particular dots with the 
required characters with less effort than would be 
needed if he assumes total responsibility for 
rhythmic alignment with the melody. Incidentally, 


labels such as “У1” and “УС” are entered by the 
user for his own convenience. They carry no mean- 
ing to the algorithm. 


HIGHLIGHTS OF THE SAMPLE SESSION 

Figure 15-2 begins with “SEGMENT # 0.” The 
target melody was left unharmonized for this seg- 
ment, and so the “chord” is given as SKIP. When 
the melody is restated in terms of “harmonic func- 
tions,” only the rhythmic notation can be shown 
{there being no structure to refer to). No accompani- 
ment was described in the next (blank) line, so the 
quad-score just contains the melody, the five unac- 
companied notes that begin the second piece in the 
song book. 

Segment number one shows the more usual 
situation. Notice, the chord is described by root (D), 
class (-MI7), and voiced functions (3 1 5 7). The 
tones in the target melody (eight and seven) are 
shown to be the fifth and eleventh in the given har- 
monic structure. An accompaniment containing two 
parts, V1 and V2, was defined next. The numbérs 
used here refer to positions in the above chord: 


functions in chord 31 5 7 
pitches in D -MI7 F DG! C 
positions in chord 234 


The score following the quad symbol then 
translates the melody and these two accompany- 
ing parts to pitch names. 

For the next segment, “LIKE 1” put the 


Fig. 15-5. The musical score derived from a set of coded voices. 
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SEGMENT + 18 SEGMENT 


TM 13 11 10 11 13 11 Ін 16 
H B MA? (5 7 1 3) H = (+ 


R 000000 
MFN): 9 


vi 
ve 
v2 


ü 


SEGMENT $ 19 


13 11 10 11 13 (1 
67 (4 35 7 


LIKE 


SEGMENT + 20 


TM 13 344 416 іі! 
= D МА? (1 35 7) 


LIKE 49 


15-6. Snapshots of some screens used in developing the “В” theme for the second piece in “Тһе Cybernetic Song 
Book." 
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melody in the same rhythmic form as for the 
previous segment. Í simply pressed the Return key, 
and the two parts, V1 and V2, from the previous 
segment were copied directly as 


У — 4 
v2 1232 


But I could now see something that I have not yet 
been able to get a program to recognize: The 
melody contains one of the chordal tones (the fifth) 
in a particularly uncomfortable way for the planned 
accompaniment. So the lower voice, V2, was 
deleted with the press of a button, and the remain- 
ing voice was changed to 


V1 1 3 4-14 

Because the chord has the functional sequence (1 
57 3), V1 refers to chordal tone number one (func- 
tion one, the root), tone number three (the seventh), 
a “special” entry which ГИ explain shortly, and 
chordal entry number four (the third). That special 
entry in the third position is decoded by the 
algorithm to mean the tone that is one scale step 
below the fourth chordal voice. The scale referred 
to here is the one derived from the seven-part har- 
monic structure containing the chord. An entry 
Such as 4 + 2 would call for the note two scale steps 
above the fourth chordal voice. In a similar way, 
the decimal notation, 4 – .1, would refer to the pitch 
one chromatic step below the fourth chordal tone, 
regardless of the harmonic structure. 

Segments three and four did not have this con- 
flict between the melody and planned accompani- 
ment, so that the setting from segment number one 
was directly applicable to both. But notice in seg- 
ment four, the rhythm was defined explicitly to ac- 
count for four attacks (unlike segment one), and 
“LIKE 1, «carriage return >” was entered in the 
accompaniment area. This brought in the proper 
chordal indices, but left the LIKE indication on the 
screen instead of replacing it with the labels, V1 
and V2. 

In Fig. 15-6, some of the other special codes 
can be seen in the coded score. Segment number 
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18 corresponds to the tenth measure of the piece, 
where the time signature changes to 3/4. The first 
line of the accompaniment here contains the code 
М-2. An M-code refers to the melodic pitch that hap- 
pens to be in effect at the moment this code ap- 
pears. M plus or minus an integer or decimal value 
singles out the current melodic tone to serve as a 
reference point for a scalar or chromatic displace- 
ment, e.g., M-2 means two scale steps below the 
melodic pitch. The second accompaniment line 
(labeled VC) uses the quad symbol, indicating that 
the four lowest chordal tones are to be played 
simultaneously here. In the next line, for the part 
labeled V2, a specific harmonic function is called 
for through the use of an F-code. F1 implies the root 
is to be played at this point in this part. 

Similar treatments are given the next two 
segments (19 and 20). There are only two features 
that might be novel here. First, the use of LIKE 
with the current segment number (19) refers to the 
previously defined segment, whether in sequence 
or not; when concentrating on musical matters, 
even subtracting one from an integer can be so 
great a distraction that I sometimes use the current 
segment number appearing on the screen. And sec- 
ond, "F1" was changed to “F5” in the third part 
(V2) to specify the fifth of the harmonic structure. 

In the remaining segments shown, the delta 
symbol appears in two different ways. Just as the 
quad symbol implies four, a delta implies the three 
lowest tones of the chord. Alternative forms such 
as “A-2” or “O -3” designate three or four notes 
taken sequentially from the voiced chord, but skip- 
ping the “subtracted” voice; thus, “A – 2" implies 
a triad using voices 1, 3, and 4. The form M5A says 
to use an ordinary triad—i.e., one built in thirds— 
constructed from the harmonic scale in which the 
melodic tone is the fifth and highest note. For ex- 
ample, with a tonality that uses the seven white 
notes, regardless of the root, if the melodic tone 
were À and the fifth of this triad, the third and root 
of the triad would be F and D, respectively. The 
three voices indicated by M5A would then be, from 
lowest to highest, (D F A). In the case of segment 
21, don't be confused by what appears to be an E- 


major triad with the root as the highest tone. For recognize the melodic function, 9, as the second 
the given harmonic structure, СЁ LG7 (row 16 of scale step, but was unable to address the triad as 
SIGMA), the algorithm was clever enough to (6# B Dit). 
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The Cybernetic Song Book 


The following pieces were selected from a set of 
songs that grew out of an experiment tinged with 
a shameful trace of deception. My purpose was to 
Show that “computer music” need not speak with 
a technological accent. The laboratory for the ex- 
periment was a workshop for writers for the 
musical theater. All the songs were programmed 
to fit words composed by lyricists or, when 
desperate for material, by me. 

It would be fair to say that most of the lyricists 
did not view technology as amicable or even benign, 
and I valued their friendship and their personal feel- 
ings too highly to reveal that they had in some way 
“collaborated” with a machine. In fact, one writer, 
who knew of my work in this area, pleaded with 
me to tell him that the music for his song, which 
he liked so much, was my own creation. I felt 
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nothing reprehensible about assuring him that I was 
indeed the composer. 

As for the director of the workshop, his 
outspoken views were such that I didn't dare bring 
up the subject with him. From all the comments on 
the music, assuming no one was being reciprocally 
sensitive to my feelings, the experiment was a suc- 
cess. However, as a “control run," I demonstrated 
the songs to various people not associated with the 
workshop and explained beforehand that I had used 
a computer as a tool in composition. Apparently the 
serum of truth can act as an anesthetic on the 
esthetic judgement of some listeners! While no one 
expressed dislike, some were too disconcerted to 
be able to express an opinion, and others found the 
whole thing “interesting.” 
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Appendix: 


The Harmonization/ 
Melodization Workspace 


Calling Form: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


THE MUSIC FUNCTIONS 


ADJUST | 
Available at S-time and C-time 


Itime index 
Resets row I of TGM to the current TM. This is done 
automatically at the close of S- and C-times. The user 


need only use this routine to force an earlier or later 
row of TGM to repeat the current target melody. 


TGM, TM 
TGM, TM 


FITO, IROW 
HOFMIN 
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FALL P 
Available at C-time 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global Subglobal Variables 
Used: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 
Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


Local Variables: 
This Function Called By: 


Listed on Page: 


Calling Form: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


Numeric vector of chordal functions (odd integers from 
1 to 13) 

Numeric pitch vector 

Retains in HA only those structures for which all P are 
in some HA[;FN Е] or all HA[;FN F] contain in entries 
in P. 

HA 


NARROW, UNIQ 
User 
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X—-Y APND Z 

Scalar, vector or two-dimensional array 

Scalar, vector or two-dimensional array. (Must be same 
type—numeric or character—as left argument.) 


Returns matrix X containing the elements of Y 
followed row-wise by the elements of Z. 


010 


A. S, T 
Many other functions as a utility 
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BACK N 
Positive integer 


Returns to the beginning of x“ time for the current I, 
where “х” depends оп N: 
N = 0 reinitializes the current "time" 
N = 1 returns to the previous "time" 
N > 2 returns to I-time 


" 


J (Right argument of HOFMIN denoting current 
time.“) 


Changed: 


This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Right Argument: 
Result and Purpose: 
Global/Subglobal Variables 
Used: 
Changed: 
Functions Called: 
This Function Called By: 


Listed on Page: 


Z (Variable returned by HOFMIN denoting the next 
"time.") 


User 
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ROWS CHNGTM V 
May be used at S-time or C-time 


Numeric scalar or vector indexing the ROWS of TGM 
to be changed 

Numeric scalar or vector of chromatic intervals 

Entries in the given ROWS of TGM are transposed 
through the intervals in V. These intervals are used 
successively within each row. Notice the need to relate 
the number of entries in V (if a vector) to the number 


of entries in each row. If ROWS contains the current 
I-value, the new TM will be displayed. 


1, TGM 
TM 


IROWTGM 
User 
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CLASS N 
May be used at š time or C-time 


Numeric scalar o rector of class indices 
Retains in HA ог structures (rows) in these classes 
N). 


CLS, CLSNDX, J 
5 


NARROW, SLCT 
User 


328-329 
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Calling Form: 


Left Argument: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


$ CNKTM N 
May be used at S-time or C-time 


Numeric scalar or empty vector (40). This defines the 
starting pitch. If empty, the first pitch of TM is used. 
Numeric scalar denoting the largest interval allowed 
between pitches in S, TM (should be greater than half 
an octave). 


Resets the octave of any pitch in TM that would other- 
wise skip an interval greater than N in S, TM 

TM, TONSYS 

II. J, K 


INT, UPTM 
User 
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DSPLAH 

Not a user function but can be called when execution 
is stopped to examine the current state of the H- 
continuity. 


Displays the established harmonic continuity (the H ar- 
ray) up to the current chord index (1). 


CLSNDX, CLSNM, H, SIGMA 
K 


DSTBN 
Not a user function 


Sets up global “freedom” variables FRD and MORP 
for each structure in HA. 


ATK, H, HA, I, MORP 


Changed: 
Variables: 


This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Local Variables: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


FRD, MORP 
FRDM, FRDP 


NARROW 
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2-- А EPSPROW В 
Matrix analog of the APL e-operator 


Two-dimensional array 

Two-dimensional reference array. Both arguments 
should be the same type (numeric or character) and 
have the same number of rows. 


Returns a two-dimensional logical array, the same size 
as À, indicating which members of A appear in the 
corresponding row of B. 


I 
SETEPS 
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N EQH II 
May be used at S-time or C-time 


Numeric scalar—a chromatic interval 
Numeric scalar or vector of previous chord indices 
Gl. e., rows of H) 


HA forced to contain duplicate(s) of H[II;) transposed 
through N. 


H, HA, J (right argument of HOFMIN), TONSYS 
HA, Z (Return variable of HOFMIN) 
K 


NARROW 
User 


329-330 
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Calling Form: 
Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables 

Functions Called: 

This Function Called By: 


Listed on Page: 


Calling Form: 


Right Argument: 


NEOMK 
May be used at S-time or C-time 


Numeric scalar—a chromatic interval 
Numeric scalar—a previous chord index 


Current target melody—TM and TGM[I;]—reset to 
TGM[K;]. Transpose through N 


TGM, TM 


UPTM 
User 
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АТМ F 
Can be used at C-time only 


Any nonzero indices from 1 to 7 of harmonic struc- 
tures. FN F must be used explicitly in place of F to 
express F in terms of odd integers from 1 to 13! 


The target melody (TM) is changed to fit the “best” 
row of HA (based on CND as a function of TNS). 


“Fit” implies all TM entries not already in this struc- 
ture are moved to the nearest structure entry. 


CND, HA, TM, TNS 
TM 

J. H. T. 2 

АТО, FH SCL, HTN SNN 
User 
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FITMALL F 
Can be used at C-time only 


As for FITM, except that there must be at least as 
many entries in F as there are unique pitches in TM. 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables: 
Used: 

Local Variables: 

This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 


Right Argument: 


Result and Purpose: 


As for FITM, except that all pitches are fitted 
simultaneously so as to force different pitches in TM 
to become different F entries in this chord. 


CND, HA, TM, TNS 
TM 
H, K, 2 


FITO, FITSCL, UNIQ 
User 
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Z—NEW FITO OLD 
Not a user function 


Numeric pitch vector 
Numeric pitch vector. Both arguments should have the 
same number of entries. 


Z is returned as a numeric pitch vector in which NEW 
entries that differ from OLD ones by more than 9 
semitones (TONSYS-3) are reset to a closer octave. 


TONSYS 
K 


FITM, FITMALL 
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2- А FITSCL $ 
Not a user function 


Numeric pitch vector with unique entries (no more 
than 7 entries when using "MT" SIGMA structures). 
Numeric pitch scale with at least as many entries as 
are in the left argument. 


Z is returned as À adjusted to lie within S. That is, the 
result contains the "nearest" scale entries to the 
original pitches in A but each A entry has moved to a 
different entry in S. 


305 


Global/Subgloba! Variables 
Used: 
Local Variables: 


This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions called: 


This Function Called By: 


Listed on Page: 


Calling Form: 
Right Argument: 


Result and Purpose: 


This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


TONSYS 
FITZ, UNIQ 


FITM, FITMALL 

330-331 

FITZ 

Not a user function 

This is part of the FITSCL algorithm for finding a 


unique fit between a target melody and a given scale. 


ТСТ, 2 
z 
J. J. K 


UNIQ ROWS 


FITSCL 


Z-FNF 

Odd integers from 1 to 13 

Allows user to refer to chordal functions as 1, 3, 5, 
etc. (first, third, fifth, . . ). Returned Z gives 
equivalent column indices in harmonic structures such 
as H or HA. 


User 
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FRDGRP 
For use at C-time 


Displays the number of HA structures in each of the 
six FRD groups. Entries following a minus sign relate 
the current harmonic alternatives to the previous 


Global/Subglobal Variables 
Used: 
Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Forms: 


Left Argument: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


chord. Those following a plus sign relate to the next 
chord. If bath preceding and following chords exist, 
the net freedom change between these two is shown as 
“МЕТА =..." 


H, I, MORP 
DST 


APND 
User 
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AF2FAB 

А F2FN B 

A F2FS B 

These provide function-to-function (F2F) transitions 
with the last character (A, N or S) implying ALL, No, 
or Some. For use at C-time. 


Scalar or vector of odd integers (1 to 13) representing 
harmonic functions of the previous chord: НИ-1; FN 

A] 

Scalar or vector of odd integers as above but referring 
to the chord being selected: HACFN В] 


Rows of HA will be kept for which the specified tran- 
sitions are obeyed, i.e., F2FA implies all of the pitches 
having chordal functions A in the previous chord must 
be the same as pitches in chordal functions В in rows 
of НА. (If A has more entries than B, the “аП” condi- 
tion must be met by B with respect to A.) Similar 
statements substituting “попе” and “some” instead of 
"all" apply to the other two routines. 


HI 


ALL, NO, SOME 
User 
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Z- A GROWS M 
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308 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 

Local Variables: 

This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 

This Function Called By: 


Listed on Page: 


Calling Form: 
Right Argument: 


Result and Purpose: 


Numeric scalar; -1 implies, otherwise use + À 
Numeric matrix 


Returns matrix Z containing the same elements in each 
row as in the corresponding row of M but arranged in 
increasing order unless А = I, in which case the 
elements are in decreasing order. 


DIO 
I. J. K 


SGSCL 
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2-РҒ HMNY M 


Numeric vector. АП but the last entry are pitches that 
will be allowed in the chord in a specified position. 
The last entry is a structure (column) index (1-7) that 
must contain one of the pitches. 

Melodic pitch vector to be harmonized. 


Returns Z as a matrix of chords (in HA format) that 
harmonize M and also satisfy the requirements given 
in the description of the left argument. This gives the 


ability to say that the harmonizing chord must have its 
root or its fifth, etc., restricted to certain pitches. 


NAMES 
NAMES 
F. K. P 


User 
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Z—HMNZ TM 
Melodic pitch vector to be harmonized 


Returns Z as a matrix of chords (in HA format) that 
harmonize TM. 


Global/Subglobal Variables 
Used: 
Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 

Functions Called: 

This Function Called By:User 


Listed on Page: 


Calling Form: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


GSIG, SIGMA, TONSYS 
LEM 


SGSCL, UNIQ 
HMNY, HOFM 
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HOFM 
“Тһе” harmonization function 


Initializes and guides each step in the harmonization 
process. 
ATK, GSIG, H, SIGMA, TONSYS, ZOUT 


H 
CLS,CND,DST,F,FRD,HA,HB,1,MORP,NAMES,P,S, 
TGM,TM,TNS,XF,XP 


APND,HMNZ,HOFMIN, HOFMOUT,MXMUV,NAR- 
ROW,NOREP,NSHLIZ,SLCT,UNIQ 


Z—HOFMIN J 


An integer designating the current time“: O implies I- 
time, 1 => S-time, 2 => C-time. 


Accepts user input to the HOFM program. Returns Z 


as an integer controlling the logical transitions between 
I-, S-, and C- times in НОРМ. 


I, TGM, TM 
X 


ADJUST, SHOW 
HOFM 


333-334 
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Calling Form: 
Right Argument: 
Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 
Left Argument: 


Right Argument: 


HOFMOUT | 
An integer vector of row indices in the H array 


Produces a listing of the I rows of TGM and the cor- 
responding root-tones and class-names derived from H. 
This is called at the conclusion of execution by HOFM 
to display each segment of the final melody and the 
root-tone and class name of the chord that harmonizes 
it. 


H, NAMES, TGM, ZOUT 
NAMES, ZOUT 
J 


APND, N2P, SETNAMES 
HOFM, User 
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HPATTERN 


Lets the user describe chordal and melodic rhythms to 
generate dummy globals (M and ATK) for executing 
HOFM. This allows the real M to be composed during 
execution. 


ATKO 
ATKO, MO 
J. K, RH, X 


APND 
User 
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H HTNSNM M 


Numeric vector or array of harmonic structures given 
as pitch indices (no references to SIGMA) 
Numeric pitch vector or array 


Result and Purpose: 


Global/Subglobal Variables 
Used: 

Local Variables: 

This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


Returns the tension of each M entry with respect to 
each chord. 


Shape of H Shape of M Shape of result 
vector vector eM 
array vector (Иен), eM 
vector array teM 
array array (Lt oH), фон 

TONSYS 
АТ 

FITM, PRTL 
334 
Z-AIROW B 


Two-dimensional character array 
Character vector or array 


Returns a copy of A with just row I (1 = the global 
ATK index) replaced by B (which may have more than 
one row). 


H 


APND 
ADJUST, IROWTGM, TGTMEL 


334 


| ROWTGM V 

Any ATK index (an I time value) 

Character vector or array to be inserted in place of 
тем. 

TGM (the character array representing the entire 
target melody) has its I-th row replaced by V. 


TGM 
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312 


Changed: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 


Right Argument: 


Result and Purpose: 


Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 


Right Argument: 


Result and Purpose: 


TGM 


IROW 
CHNGTM, UPTM 
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A KEPS B 
Used at C-time 


Any entity having an element of its shape equal to the 
number of rows in HA, e.g., TNS, CLS, ЕВО, HA[;0], 
etc. 

Any value(s) whose presence in the left argument 
should require the corresponding row of HA to be re- 
tained. If this is a scalar or vector, all entries will be 
tested against all entries in the left argument 
regardless of that argument's shape. If this is an array, 
it must have the same number of rows as the left argu- 
ment and then the test will be made only on correspon- 
ding rows. 


HA rows are kept whose corresponding À entry (or en- 
tries) is contained in B. For example, to keep only 
chords in classes 1 or 4, enter CLS KEPS 1 4 


Go 


SETEPS 
User 
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A KRNG B 
Used at C-time 


Any entity having an element of its shape equal to the 
number of rows in HA, e.g., TNS, CLS, FRD, HA[:0], 
etc. 

Numeric scalar or two-element vector 


HA rows are kept whose corresponding A entry (or en- 
tries) is greater than or equal to the first B entry and 
less than or equal to the last. For example, TNS KRNG 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 

Right Argument: 

Result and Purpose: 

Global/Subglobal Variables 
Used: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 
Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
This Function Called By: 


Listed on Page: 


Calling Form: 


100 444 would keep rows with corresponding tensions 
between 100 and 444. 


NARROW 
User 


335 


Z—-MANDH I 

Scalar or vector of ATK (or H-row) indices 

Returns M segments and H root-tones and class names 
for the I indices. 

H, TGM 

K 


APND, N2NP, SETNAMES 
User 
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2-Р MFNH H 


Numeric pitch vector 
Numeric pitch vector forming a seven-note harmonic 
structure. 


Returns harmonic functions (odd integers from 1 to 13) 


for each P entry in H. Zeroes are returned where the 
corresponding P is not present in H. 


TONSYS 
MFNI 
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Z--MFNHA J 
Analytic function for use at C-time 


313 


314 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 

Right Argument: 

Result and Purpose: 

Global/Subglobal Variables 
Used: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Row index (or indices) of HA. The SLCT function can 
be most useful here, e.g., 

MFNHA 3 2 SLCT FRD 

or 

MFNHA TNS 10YTNS) SLCT TNS, etc. 


Returns the harmonic function of each pitch in the cur- 
rent TM with respect to each HA[J;] 

HA 

H, TGM 


MFNI 
User 
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2-МЕМІ I 
Row index (or indices) of H array 


Returns harmonic functions (1 to 13) of ТСМП;] in the 
corresponding III:]. 


CLSNDX, CLSNM, H, TGM 
K 


APND, MENH 
MFNHA 


335 


IC MLDZ IS 
For use at C-time 


Numeric vector of chromatic intervals ordered by 
preference 
Numeric vector of scale intervals 


Melodizes the current ("best") HA using the last pitch 
of the previous TM and the two given interval 
arguments. À reference note is selected by moving the 
last pitch through the given chromatic intervals as 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


ordered in IC until one is found that places the note in 
the scale of this HA. If no given interval works, the 
nearest scale position will be used. The scalar inter- 
vals, IS, then determine this melodic segment. 


ATK, CND, HA, TGM, TM, TNS, TONSYS 
TM 
J. K, N, R, Z 


CNKTM, UPTM 
User 
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MXMUV UD 
For use at C-time 


1. 0 or 1 


The rows of the HA array are reordered according to 
their root tone motions as measured from the 
preceding (or following) root. If UD= 1, the order 
follows decreasing upward movement (largest interval 
first). 1f UD = 0, decreasing order in either direction is 
used. For UD = 1, the greatest downward motion 
comes first and order proceeds by increasing upward 
motion. (HOFM calls this using UD = 1.) Notice the 
greatest possible movement is TONSYS +2 (6 in equal 
temperament) in either direction. 


АТК, H, HA, I, SIGMA, TONSYS 
K 


NARROW 
User, HOFM 
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NAMENT 
For use at C-time 


Displays NAMES (root-tone and class), TNS (tension 
value) and FRD (freedom values) for each row of HA. 


315 


316 


Global/Subglobal Variables 
Used: 


This Function Called By: 


Listed on Page: 


Calling Form: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 

Right Argument: 

Result and Purpose: 
Global/Subglobal Variables 
Used: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


FRD, NAMES, TNS 
User 
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NARROW N 
For use at C-time 


Indices of rows of HA to be kept 

Rows of HA not indexed in N are removed as are cor- 
responding elements of CLS, TNS, FRD, etc. CND is 
recalculated as TNS. 

DSTBN, PRTL, SETNAMES 

All functions that place restrictions on the rows of HA. 
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FNOP 
For use at C-time 


Numeric vector of chordal functions (odd integers from 
1to 13) 

Numeric pitch vector 

Retains only those rows of HA in which no pitches 
that are in P occupy columns FN F. 


HA 


NARROW 
F2FN 
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NOREP 
For use at C-time 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


Global/Subglobal Variables 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Eliminates from HA all structures that duplicate any of 
the last (or next) NDUP chords in H, as well as any 
that would repeat a root-tone in any of the last (or 
next) RDUP rows. 


ATK, CLSNDX, H, HA, NDUP, RDUP, SIGMA 
K 


NARROW 
HOFM 
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NSHLIZ 
Initialization for the НОРМ algorithm 


Displays the current settings of globals NPH, GSIG, 
NDNP and RDUP. Constructs the TGM array 
(character matrix; each row contains the target melody 
for one chord. This is also placed in the ZOUT array, 
which will display the initial TGM as well as the final 
pairings of TM and H.) 


ATK, GSIG, M, NDUP, NPH, RDUP, TGM, ZOUT 
TGM, ZOUT 
I 


APND 
HOFM 
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2-Р NVRT M 


Reference pitch (a numeric scalar) 
Melodic (numeric) vector 


Returns a melodic vector. This is constructed by inver- 
ting the interval sequence of M and placing the first 
pitch at the first (inverted) interval away from P. (An 
inverted interval is measured in the opposite direction, 
i.e., 1 2 3 becomes -1 2 -3.) 


317 
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Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 
Right Argument: 


Result and Purpose: 


Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 

Right Argument: 

Result and Purpose: 

Global/Subglobal Variables 
Used: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 


INT 
User 
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KN—N2NP А 
Numeric pitch array 


Returns À converted to pitch names without octave 
designation. 


MM 


N2P 
User 
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KN—N2P A 
Numeric pitch array 

Returns А converted to pitch names with octave 
designation. 

MM, NTS, NUM, TONSYS 

FLDS, 1, KD, KF, N, 0, ORHO 


N2POUT 
User 
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N2POUT Z 


lord 


Returns pitch-name arrays for N2P and N2NP. Right 


argument controls inclusion of octave designation. 


Used: 
Changed: 


This Function Called By: 


Listed on Page: 


Calling Form: 
Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


DGTS, FLDS, FORS, I, KD, KF, KN, O, ORHO 
KF, KN 


N2P 
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CY OVRIDC CL 
Used at S- or C-time 


Root-tone interval (cycle) vector 
Class-index vector 


HA is constructed using these cycles (from previous 
root) and classes only—regardless of TM! If used at S- 
time, a blank line must follow immediately. Note: You 
may need to reset TM after this (UPTM). 


CLSNDX, I, H, HA, SIGMA, TONSYS 
НА, Z 
В, 5, SR 


NARROW, SLCT 
User 
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CY OVRIDS SR 
Used at S- or C-time 


Root-tone interval (cycle) vector 
Structure index vector (rows of SIGMA) 


HA is constructed using these cycles and structures 
only—regardless of TM! If used at S-time, a blank line 
must follow immediately. Note: You may need to reset 
TM after this (UPTM). 


L, H, HA, SIGMA, TONSYS 
z 


3t9 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 
Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 


NARROW 
User 
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PRTLN 
Used at C-time 


Vector of column indices of HA (1 to 7, not 0) 
TNS (tension vector) is recalculated for TM with re- 


spect to each HA[;N] and CND is reset to the 
minimum of these tensions. 


HA, TM, TNS, TONSYS 
CND, TNS 


HTNSNM, UNIQ 
User 
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TM PRTLTN N 
Used at C-time 


Any melodic vector 
Vector of column indices of HA (1 to 7, not 0) 


Same as PRTL but uses this TM instead of the cur- 
rent one! New TNS vector is then displayed. 


A PRTNMS B 
Used at C-time 


Any vector (or array) with an entry (or column) for 


Right Argument: 


Result and Purpose: 


Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 
Right Argument: 


Result and Purpose: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions Called: 
This Function Called By: 


Listed on Page: 


each row of HA: CLS, TNS, FRD, etc. 

Any numeric scalar or vector (or 2-row array if À is 
FRD and has two rows) 

Produces a NAMENT-type display (NAMES, TNS, 
FRD) but shows only those rows of HA for which the 
corresponding À entry is contained in B. 

со 


БЕТЕР5 
User 
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RESETM | 

One or two valid ATK indices 

TGM rows from minimum I to maximum 1 are reset to 
their original M entries. Thus changes made with 
UPTM can be “erased.” 


TGTMEL 
User 


338 


SETEPS 


Isolates the (AB) requirements of KEPS and PRTNMS 
and also performs the necessary form of output.“ ei- 
ther calling NARROW to restrict HA or printing 
NAMES, TNS, and FRD. 


A, B, GO 
B 
z 


EPSROW, NARROW 
KEPS, PRTNMS 


338-339 


322 


Calling Form: 

Right Argument: 

Result and Purpose: 

Global/Subglobal Variables 
Used: 

Local Variables: 

This Function Called By: 


Listed on Page: 


Calling Form: 

Left Argument: 
Right Argument: 
Result and Purpose: 


Global/Subglobal Variables 
Used: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Z—SETNAMES H 

Array of harmonic structures in HA format 

Returns array of (Root-tone, Class name) for each row 
of the given H 

CLSNDX, CLSNM, SIGMA 

K 

MANDH, NARROW, OVRIDC, OVRIDH, HOFMOUT 
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Z-RSGSCLS 


Numeric scalar (a root-tone) 
Vector or array of harmonic interval structures such as 
rows of SIGMA. 


Returns scale(s) in "key" of R with “tonality” S. 


TONSYS 


GROWS 
HMNZ 
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A SHOW X 

Part of the HOFM algorithm, frequently changed to ac- 
count for different output devices being used 
(typewriter, offline printer, CRT display, etc.) 


Rows of H constructed so far 
Expression to be executed with any explicit results 
displayed 


Primarily allows user to type only “O ” to see the 
current setting of the H array up to the last row (I-1) 
used. Preceding any other expression with “С” 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Result and Purpose: 


Giobal/Subglobal Variables 
Used: 
Changed: 

This Function Called By: 


Listed on Page: 


Calling Form: 
Left Argument: 
Right Argument: 


Result and Purpose: 


Local Variables: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 


Right Argument: 


Result and Purpose: 


assures its results will be displayed on the alternate 
output device. 


DSPLAH 
HOFMIN 
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SKIP 


Allows the current H[I;] to be set empty (skipped) leav- 


ing this segment of M unharmonized. 
H, I, SIGMA, TGM 

H, 1, TM, Z 

User 


339 


Z-A SLCT B 

Vector of preferred values in order of preference 
Vector of entities that might contain the A values, e.g., 
TNS, FRD{1;], HA[;0], etc. 


Returns only those indices of B that address entries in 
À and these indices are ordered as in A. 


K 
CLASS, CYCLE, FRDSRT, HOFM, OVRIDC, STRUC 
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F SOMEP 
Used at C-time 


Odd integers from 1 to 13 
Numeric pitch vector 


HA rows are kept in which any of the P entries appear 


323 


324 


Global/Subglobal Variables 
Used: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Right Argument: 
Result and Purpose: 
Global/Subglobal Variables 
Used: 
Changed: 


Functions Called: 
This Function Called By: 


Listed on Page: 


Calling Form: 


Left Argument: 
Right Argument: 


Result and Purpose: 


Global/Subglobal Variables 
Used: 
Changed: 

Local Variables: 


Functions Called: 


in any of the HA[;FN F] entries. 


HA 


NARROW 
User, F2FS 
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STAUC N 
Used at S- and C-time 


Row indices of SIGMA array 


Restricts HA to the structures indexed in SIGMA by 


MN TGTMEL MX 


An “1” value (an index of ATK or a row of ТОМ) 
Another (higher) "T" value 


Sets (or resets) the global character array TGM, so 
that all rows from MN to MX contain the proper en- 
tries extracted from M by the ATK vector. (This is set 
"up as a character array so that blanks can be used to 
fill out what appear to be numeric rows.) 


ATK, M, TGM 
TGM 
I 


IROW 


This Function Called By: HOFM, RESETM 


Listed on Page: 340 
Calling Form: Z—UNIQROWS А 
Right Argument: Two-dimensional array (numeric or character) 
Result and Purpose: Returns A without any replicated rows. 
This Function Called By: [2174 
Listed оп Page: 340 
Calling Form: UPTM V 
Right Argument: Numeric pitch vector 
Result and Purpose: Updates ТМ and TGM[I;] to contain V. 
Global/Subglobal Variables 
Used: I, P, TGM, TM 
Changed: P, TM 
Functions Called: IROWTGM 
This Function Called By: CNKTM, EQM, MLDZ 
Listed on Page: 340 
VARIABLES 
A7 : scalar (numeric) 
23 
A7F9 à scalar (numeric) 
22 
ATS? : scalar (numeric) 
24 
CLSNDX : p= 36 (numeric) 
00111223333444555666667778888 979 
9 10 11 11 11 
CLSNM ря 12 6 (character) 
“МІ? 
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-MA7 
MIT 

MI 

*MI 
LG? 
MA? 

+7 
+HA7 
7+3 
MATES 
MATES 


DFLTGSIG p- 36 (numer ic) 
17 13 75 0 25 Зо 32 20 16 9 6 3 1 8 12 18 26 27 34 2 11 33 
10 21 28 35 13 4 23 14 29 24 31 19 22 


DGTS $ p= 13 (character) 
0 123458789.” 


FORS (character) 
bt 
6516 36 (numeric) 


17 45 7 5 9 25 30 32 20 16 9 6 3 1 8 12 18 26 27 34 2 14 33 
10 21 28 35 13 4 23 14 29 24 31 19 22 


LT : scalar (numer ic) 
45 

L 7A3 : scalar (numeric) 
30 

7c p= 3 (numer ic) 
3 7 

1 759 : scalar (numeric? 
14 

1759 scalar (numeric) 
16 

MA scalar (numeric) 
17 

MAC p= 3 (numeric) 
6 8 10 

МА? : scalar (numeric) 
a7 

МА?А5 : scalar {numer ic) 
44 

МІ : scalar (numer ic) 
3; 
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(numeric) 
(numeric) 
(Logical) 
(numeric) 
(numer ic) 
(character) 
(numeric) 
(numer іс) 
(character) 


7 


E 
0245729411 


scalar 
2 
4 
scalar 
scalar 
scalar 


6 14 11 
CDEFGAB 


MIC 

МІ? 
NUM 
RDUF 
SHRP 


(numer іс) 


м 
Qn nvovmenmenemmmmnmenmeccesmem 


ммм м тю юю ч юл юч юю ο ο 
+ чю + ч гю га юю юю аю ч TIMMS ST 
+ чалат юч ч < < m t t 5 00 < че чч OL CL OL I0 P0 M M 
мюмюмччеччечеилинюююююмючччччяч 
тою юю тю юю мю юю юю чч четче 


SIGMA 
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WON ټم دم‎ N 
AUD لیا‎ oo 
G ہیا پیا جلد‎ sw 
ج ل‎ UN + NG 
мычииии 


TONSYS : scalar (numeric) 


111 
C2] 
{3} 
C4] 
[53 
се] 
[71 


° 


у 


scalar (Logical) 


FUNCTION LISTINGS 


ADJUST I 
TMe(, TM). FITO, 4TGMEI;J] 
TGMeTGM IROWUTTM 


F ALL P 
NARROWC(Cp,UNIQ P)LP,F)=+/HAL; FN FJeP)/11 tPHA 


XeY APND Z;A;S;T 

170%, (OTT) xXp2) CT, p, Z) NIC o eZ) xOstp, 2) eZ 
SHC CCARCHS) KRY I+ p YOxSe2sppYOxOso, Y) pY 
А+ГИ СТА АРТ), “ites 

XeCCO 8880 А) ^5), СОТОЈС APT), ADAT 


BACK N 
ZeOf J-N 


ROWS CHNGTM V;J;K 

Je, ROWS 
Lt: KeC (pK pV) *Ke£4TGHEJEO]; 1 
JL0] IROUTGMYK 

COC PIES OLA 

+(TEROWS 40 
TM¢TONSYS | +ТСМСІ, 7 

"ТМ RESET TO ',TGMCI;} 


CLASS N 


[13 
[21 
39 
[41 


[11 
T21 
C3] 
[43 
E51 
[6] 
177 
[71 
[83 


[12 
r2] 
t3] 
Са] 
[51 


Ct] 
[2] 
C3] 
C4] 
ES] 
t51 
£7) 
[ei 
£91 


[11 
t2] 
C3] 
C41 


on 
ы- 
oo 


+(2=J)4L4+ 

Sen SLCT CLSNDX 

+0 
L{:NARROW N SLCT CLS 
v 


v S CNKTM N,II;J;K 
NeNTLTONSY. 
5145 Ke, TM 

Li:IIeINT S,K 
JECNCIID PK 
+(0=pJ)#L2 
KLJ3€KEJj-TONSYSxxII[J] 
1 

L2:UPTM K 
"TM RESET TO ',TTM 


я 


9 NeDSPLAH;K 
Ke«HL11;0]&€7 1, 1^p SIGMA 
NE CNQNFCC+/K), DD pHEKZVE; 1 D , С $ММЕСЕ$МОХЕНСКИ\Т; 973; ] 
NEK\CO} N 
Keak 
NEK/ VION; 16 CCH/K) , 14 oO p CA рМ) SKE 
v 


v DSTEN;FRDM;FRDF 
FRDMeFRDFe (4 tp HA) pO 
3(I=0)#L4 
+C74EHCI-1;1)#L41 
ҒКрМе+/ (0 4 VHA) E1VHEI~4 57 
Li:+C1271+PATK)#L2 

3(7 4EHCI+1; 14.2 
FRDP++/~(0 í ЖНА) єїҰНСІ+4; 7 
L2:MORPCO< (+/F RDM), +/FRDF 


FRD¢MORP/COJ FRDM, [70.5] FRDP 
v 


9 Гей EPSROU ENT 
Ze(pA)pQ 
1+0 
L$:ZEI; JALI; 1ЕВЕТ; J 
+CCH#PADDIEI+1)#L1 
v 


v N EQH II;K 
НАае( (р, II), 1 HD 4HE,II;] 
НАєНА+0, © 1 +(PHA)PM 
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£31 НАГ;К1«Т0М5Ү5|НАГ;Ке4%171%рНА2 
[41 NARROW \ 14pHA 

[51 +(J=2)40 

[6] 263 


9 М EQM K 
+1 UPTM N+(pTM) ^+, TGMCK ; 3, " 


9 FITM F;H;T;Z;J 
111 Hei ¥HACTNS tCND i 2 
r2 TeO0«H HTNSNM TM 
[31 +(0=+/T)40 
[41 ZeT/TM 
[5] Jed 
Le 14:2Г.41%2Г.1 FITSEL НГ,Ғ-41 
C71 302)» JC J*004L1 
t81 Zez FITO T/TM 
t?1 TMeCTNZ) € CST) xTM 
[10] ‘TM RESET TO ',vYTM 
v 


v FITMALE F;H;K;Z 
[11 Het VHALTNS1CND; J 
[21 Z+UNIQ TM 
(52 KeZiTM 
[41 Zez FITSCL HL,F-11 
r51 TMeZ[K] FITO TM 
[6] "ТМ RESET TO ', TM 


v ZeNEM FITO OLD; K 
[11 ZeNEW 
[2] 11:Ке((1|2-01.02>Т0М5Ү5-32/1р2 
E31 +(9=pK)10 
[41 ZEK3-ZEK ]- TONSYSxxZ[K]-OLDEK 1 
[5] эч 

2 


v 268 FITSCL $;I; J;K; M; TGT;R 
[11 | A*TONSYSI,A^ 
r2] JC CC pA 2 pUNIQ, AAC PAI SpSOTL1 
C3] ‘FIRST ARGUMENT CANNOT HAVE REDUNDANT ELEMENTS OR MORE ENTRIES 
THAN SECOND ARGUMENT. ' 
[41 30 
£5] Li:Jé+Se,-A 


[61 TGTe(3, pA) pO 
C7] TGTL0; J¢L/LO3| J+ TONSYS x JSO 
C8] TGT[E2; 3€-L/[01] J- TONSYSx JEO 
(91 Т671%;16(-У/(01 J=0)x(TGTC2; JXTGT[ O; Jz ITGTC2; D) *TGT[O; JXTGT[O; 3 
€I1TGT[E2; 3 
E10] Z*«TONSYS(A*TGTE1; 1 
Cit] e 2 pUNIQ, Z40 
[12] FITZ 
[13] +C(pA)=PUNIQ,Z)40 
[141 Ke+/ITGTLO 2 1 
[15] Ке?хкг41<к(02 
[46] ZeTONSYS|A*TGTIK; 1 
[173 +((pZ)=PUNIQ,Z)#0 
[18] L2:Re(1(+/Ze,=7)/1pZ 
[491 JesC'LT'>CK+2],'/R' 
[20] I+(ZCJ1=2)/1pz 
[24] 1+(-4#1),1,141 
[22] Icà&(C'L[0[K223, '7CIJ)/71* 
[23] Meti 710EK22]* S1ZEJ] 
[24] ZLIJ*eTONSYS|SCMx4(4 712) [K-2]* Mp S- (МСО) X" 4 6p$' у 
[25] +C(pZ)=PUNIG,Z)4L2 
2 


v ҒІТ2;22,1;4;К 
ZZFUNIQROWS(Ze.=Z)x4+C(pZ) , pZ) U 
L1:Je 1*C22£9; 140? 722[0; ] 
марал к) 
Ke, ТЕТЕ; 31 
2409, , E&IK] 
KezZEJ3*KE4 IK]-TGTE 6; 32 
L2:Ie"Ke(C24Z2[144])72 
+(0=+/1)40 
Jel/J 
Кетик 
ZL[JL033-KL6] 
Тел. 91 
*CG 2032 43 
KIK 
JeI/J 
»L2 
L3:ZZe 4 0 922 
+(0€4#pZZD#L{ 
т 


Я ZeFN Е 
[11 Ze, [F+2 
ә 


v FRDGRP;DST 
[13 +CA/0=MORP )40 
C2] 0576014), LOJR+/ 616) F RD 
[31 DSTe(' „ ORF / - , ',TDST 
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[41 
[51 
[61 


сїз 


E33 
[2] 
C3} 
[41 
[5] 
[61 
C7] 
[81 
(92 


[121 
t21 
[31 
га] 
(51 
[6] 
t?) 


[11 
[21 
[31 
Са] 
cs] 
[é1 
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v 


* 


* 


x 


+ CA/MORF) 91.1 
DSTeDST APND ' NET а = ',T*/^HLI-1;JeH[I*1;] 
L1:DST 


А F2FA B 
B ALL HLI-i;FN АЈ 


A F2FN B 
B NO H{I-1;FN АЈ 


À F2FS B 
B SOME HLI-1;FN АЈ 


26А GROWS M;I;J;K 


AA MUST BE ^1 FOR Ф. ANY OTHER VALUE WILL GIVE 4. 


ZeM 

306271402240 
Ket~a/M=8 (pM) РМГ ; ien 
L1: ITeKCOIG) 
3CGAZ/MEI;]-MEI;DIO]) 4L2 
Je£'à*'[ 1-61, TMLI;1 

ZEE; JeM[I;J] 
L2:3(02gKe14kO L1 


ТӨРЕ HMNY M;P;F;K 
Pe” t+PF 

Fe-4#PF 

ZeHMNZ M 
+(0€pZ)40 
Ке(,2Г;ЕҒЛЕР2/11%р2 
ZeztK;1 
МАМЕЗЄМАМЕЗГК ; 1 


ZeHMNZ TM; I;K;M 

Ito 

KepUNIQ TONSYS|TM 

20 (%% 1 fe SIGMA? pO 
Li:Me(K=+/(I SGSCL SIGMAEGSIG; 1) ЕТОМ$У5 | TM) /GSIG 
+(0=pM)4L2 

ZeZ, [O0] M, TONSYSI+\I, SIGMACM; 1 


[7] L2:+CFONSYS)Iel+1)4#L4{ 

[81 + (0Ер2) 1.3 

C9] 20 

C10] L3:'NO STRUCTURES!’ 
v 


9 HOFM; I; SjP;F; HE; HA; TNS; TM; XF; XP; CND; DST ; CLS ; FRD; NAMES; ТСМ; MORP 
[11 NSHLIZ 
[21 He((pATK),2+ Ne STCHa) pTi 
[31 Ieo 
[4] LO:DSTeTNSeCLSe1FRDe-O 
(51  XF«Feieiie E fe SIGMA 
tél ' ' AFND(29p'°0!} APND 'I=',(FI),' ?' 
£71 +(L0,LO,LO)CHOFMIN 0] 
[8] Li:TM-TONSYSIATGMLI;) 
[9] SeGSIG 


[10] РєїМ 
Cit} XFe74 
[123 ' ' APND 'TM=',TGMEI;] 
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